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There was a strange stillness. The birds … where had they gone? Many people 
spoke of them, puzzled and disturbed. […] The few birds seen anywhere were 
moribund; they trembled violently and could not fly. It was a spring 
without voices. 
 
(Silent Spring, Rachel Carson, 1962) 
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Abstract 
Industrial longstanding pollutions reveal still a huge contamination hazard nowadays. The sampling 
site at the Teltow Canal (Berlin) is located nearby a former industrial point source, where DDT has 
been produced in the past. The sediment has been severely polluted, thus, several investigation were 
carried out in the past. As a result, in the 1990ies about 65000 t of contaminated sediment were 
removed by dredging. In this study, the remaining sediment has been investigated with regard to the 
actual contamination state. Especially the widely neglected metabolite DDA has been considered. Due 
to its enhanced dipole moment because of the polar carboxyl group it is the best water soluble DDT-
metabolite. The recommissioning of a former drinking water winning plant, which is located some 
kilometers downstream the contamination source, is planned in the near future. Therefore, it is an 
important factor to investigate the risk of DDA contamination for the water, because the canal is used 
for drinking water production by bank filtration. This study was conducted within the scope of a 
research assignment by the Senate of Berlin. 
 
For being able to calculate of the maximum contamination range with regard to DDA, subaquatic 
sediment was investigated. All DDT-metabolites, especially DDA and its precursor metabolites, which 
can transform to DDA, were considered. Furthermore, the incorporation of metabolites into sediment 
was investigated by applying a five-step degradation procedure. Free available as well as easily- and 
hardly available fractions of ? DDA (DDA + precursor metabolites) were obtained and a maximum 
contamination potential of 63 kg ? DDA was calculated to be contained by the estimated sediment 
mass of 541 t. About 40.4 kg of the DDT-metabolites are represented by precursor metabolites of 
DDA, especially the unpolar metabolites DDD, DDMS and DDMU. These compounds are free 
available (”extractable”); they represent a directly available contamination potential and can form DDA 
by transformation reactions. About 22.2 kg is represented by sedimentary DDA which is bound to the 
particulate material by ester bonds and can be remobilized by hydrolysis processes (”easily 
releasable”). Only a minor mass was allocated to the hardly-releasable fraction. 
 
The remobilisation of sedimentary DDA under dynamic conditions like dredging or shipping activities 
as well as a possible retention of DDA in soil of the infiltration area has been investigated. Hence, a 
high remobilisation potential of sedimentary DDA was observed. The majority of the applied DDA 
amount has been released immediately referring to a direct contamination potential for the aquatic 
environment. The soil of the infiltration area of the drinking water plant turned out to be highly 
permeable for DDA, approx. 72% of the total amount was directly observed. Therefore, no adsorption 
processes can be expected for water-borne DDA drained through a soil matrix; there is no limitation of 
the DDA potential evident. 
 
Possible microbial degradation processes were investigated by compound specific stable carbon 
isotope analysis. Sediment samples as well as river water and groundwater samples were investigated 
Abstract 
 
 
 
III 
with regard to selected DDT-metabolites. The contaminated sediment of the Teltow canal has been 
identified as a DDA source by the comparable ?13C signature in sedimentary and water-borne DDA. 
Further investigations of several DDT-metabolites, in detail o,p’- and p,p’-DDD, o,p’- and p,p’-DDMS 
and p,p’-DBP, did not reveal the expected change of the isotopic signature but a decrease from DDD 
(average value -22.5 ‰) to DDMS (-26.7 ‰) and an increase from DBP (-26.5 ‰) to DDA (-20.4 ‰ 
sedimentary DDA). The reason for these results could refer to the comparison of samples from 
different sampling stations. Due to the low sensitivity of the isotope mass spectrometer only highly 
concentrated samples with low matrix effects could be analysed.  
 
Industrially affected groundwater samples were subject to a target-screening with focus on 
halogenated compounds. Thereby, DDA was found to be the main DDT-metabolite; additionally, DDT, 
DDD and further unpolar DDT-metabolites were detected. Furthermore, three unknown substances 
with structural relation to DDA and DDT were detected. The structures were elucidated and the 
substances were synthesized. First ecotoxicological estimation was performed by selected tests. The 
compounds revealed either no ecotoxic effects or effects comparable to DDA. Moreover, a great 
number of organohalogenated compounds like HCH and related substances as well as aromatic and 
aliphatic chlorinated and brominated compounds were detected. As a result, a considerable structural 
diversity of organohalogenated compounds due to industrial pollution was obtained, which is not 
recorded by regular monitoring programs which are usually focussed on main metabolites. 
 
This study should demonstrate the necessity to investigate not only extractable residues of 
sedimentary pollutions but to consider the incorporation of pollutants in particulate matter as well. 
Bound residues in sediments can represent a long-term pollution potential for the environment. In most 
studies, the remobilisation of bound residues and their transformation reactions were widely neglected. 
Furthermore, released compounds can be transported due to adsorption on particles like colloidals to 
remote locations. Therefore, the original punctual contamination can form a hazardous potential on 
other sites. The transport of released sedimentary compounds to the aquatic environment is neglected 
in literature as well. Stable carbon isotope analysis is conducted more frequently in environmental 
research but DDT and its metabolites are hardly considered. By this study, the contamination source 
of the water-borne DDA was identified to be the contaminated sediment.  
Many studies restrict investigations of DDT-contamination on main DDT-metabolites. In addition, 
screening analyses often consider main metabolites of xenobiotics. This study shows the necessity to 
observe a wide range of possible metabolites and related compounds of the parent contaminants in 
order to evaluate the extent of the contamination. Generally, longstanding pollutions are subject to 
complex transformation and transport reactions in the environment, therefore, it is difficult to estimate 
the complete hazard risk potential. 
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Zusammenfassung  
Industrielle Altlasten stellen auch heutzutage noch eine Gefährdung für die Umwelt dar. An der 
ausgewählten Untersuchungsstelle am Teltowkanal in Berlin liegt eine Kontamination des aquatischen 
Sediments durch eine industrielle DDT-Altlast vor. Hier wurden in der Vergangenheit bereits 
Untersuchungen durchgeführt und als Resultat der ermittelten extremen Sedimentbelastung wurden in 
den 1990er Jahren ca. 65000 t kontaminiertes Sediment ausgebaggert. Anhand der vorliegenden 
Studie wurde nun untersucht, in wieweit verbliebenes belastetes Sediment vorliegt. Besonderes 
Augenmerk liegt dabei auf dem bisher kaum berücksichtigten DDT-Metaboliten DDA, da dieser durch 
seine partielle Polarität eine Wassergefährdung darstellen kann. Dies ist an diesem 
Untersuchungsgebiet besonders bedeutend, da einige Kilometer flussabwärts von der 
Kontaminationsquelle eine stillgelegte Trinkwassergewinnungsanlage wieder in Betrieb genommen 
werden soll. Die Förderung von Trinkwasser wurde aufgrund des Auftretens von hohen DDA-
Konzentrationen eingestellt. Die Wassergewinnung findet dort zu ca. 62% durch Infiltration von 
Flusswasser aus dem Teltowkanal statt. Daher muss ermittelt werden, ob die sedimentäre Belastung 
eine Gefährdung für die Trinkwassergewinnung darstellt. Diese Arbeit wurde im Rahmen eines 
Forschungsauftrags des Senats von Berlin durchgeführt. 
 
Zur Bestimmung des maximalen DDA-Kontaminationspotentials wurde subaquatisches Sediment 
untersucht. Es wurden alle DDT-Metaboliten betrachtet, besonders aber DDA und dessen 
Vorläufermetabolite, welche durch Transformationsreaktionen DDA bilden können. Weiterhin wurde 
die Einbindung der Metaboliten in Sedimentmaterial mittels fünfstufiger Degradationsreaktionen 
untersucht. Daraus wurden sowohl sofort verfügbare als auch leicht- und schwer freisetzbare Anteile 
von ? DDA (DDA + Vorläufermetaboliten) erhalten und daraus ein maximales Potential von 63 kg 
? DDA für die kalkulierte Sedimentmenge von 541 t berechnet. Von dieser Menge stellen 22.2 kg 
sedimentäres DDA dar, welches durch Esterbindung an partikuläres Material gebunden ist und durch 
Hydrolyse freigesetzt werden kann („leicht verfügbar“). Der Großteil von 40.4 kg besteht aus 
Vorläufermetaboliten von DDA, insbesondere aus den unpolaren Metaboliten DDD, DDMS und 
DDMU. Diese liegen zum größten Teil frei verfügbar („extrahierbar“) vor, stellen also ein direktes 
Kontaminationspotential dar und können durch Transformationsreaktionen DDA bilden. Schwer 
freisetzbare Anteile von DDT-Metaboliten, eingebunden durch Ether- oder Kohlenstoffbindungen 
waren kaum nachweisbar. 
Die Remobilisierung von sedimentärem DDA durch dynamische Prozesse (wie z.B. Ausbaggern oder 
Schifffahrtsverkehr) als auch eine mögliche Retention von DDA im Boden des Infiltrationsbereiches 
der nahe gelegenen Trinkwassergewinnungsanlage wurden weiterhin betrachtet. Dabei stellte sich ein 
sehr hohes Remobilisierungspotential von sedimentärem DDA heraus. Der Großteil der eingesetzten 
Menge wurde sofort freigesetzt, was eine direkte Wassergefährdung darstellt. Der Boden im 
Infiltrationsbereich erwies eine hohe Durchlässigkeit für DDA, etwa 72% der nachgewiesen 
Gesamtmenge wurde retentionsfrei erhalten. Somit weist der Boden im Infiltrationsbereich ein nur 
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geringes Adsorptionspotential für im Infiltrationswasser vorhandenes DDA auf, es kann somit keine 
Minderung der DDA-Mobilität und Quantität erwartet werden. 
Mögliche mikrobielle Abbaureaktionen in Sediment, Flusswasser, industriell beeinflusstem 
Grundwasser und Grundwasser aus dem Infiltrationsbereich der Trinkwassergewinnungsanlage 
wurden für ausgewählte DDT-Metabolite durch komponentenspezifische Isotopenanalysen untersucht. 
Sowohl in Sediment- als auch in Wasserproben wurde die isotopische ?13C-Signatur ermittelt. Dabei 
wurde das kontaminierte Sediment des Teltowkanals als Kontaminationsquelle für das Grundwasser 
identifiziert. Die Untersuchung weiterer DDT-Metabolite, im Einzelnen o,p’- und p,p’-DDD, o,p’- und 
p,p’-DDMS und p,p’-DBP ergab unterschiedliche Änderungen der Isotopensignaturen; eine Abnahme 
von DDD (-22.5 ‰) zu DDMS (-26.7 ‰) sowie eine Zunahme von DBP (-26.5 ‰) zu DDA (-20.4 ‰). 
Ein Grund dafür könnte der Vergleich von unterschiedliche Probenahmestationen bei DBP und DDA 
sein, da aufgrund der geringeren Empfindlichkeit des Isotopen-Massenspektrometers nur geeignete, 
stark genug konzentrierte Proben mit wenig Hintergrundmatrix gemessen werden konnten. 
Die Grundwasserproben des Industriegeländes wurden einem target-screening in Bezug auf 
halogenierte Stoffe unterzogen. Dabei stellte sich DDA als der hauptsächlich vorliegende DDT-
Metabolit heraus, aber auch DDT selbst sowie DDD und einige weitere unpolare DDT-Metaboliten 
wurden nachgewiesen. Weiterhin wurden drei bisher unbekannte Substanzen mit Verwandtschaft zu 
DDA bzw. DDT vorgefunden, deren Struktur aufgeklärt und synthetisiert. Weiterhin wurde eine erste 
ökotoxikologische Einschätzung dieser identifizierten Substanzen durch ausgewählte Tests 
vorgenommen, bei der sich entweder keine negativen Auswirkungen oder dem DDA ähnliche Effekte 
ergaben. Nicht nur DDT-Metabolite sondern auch eine große Anzahl weiterer organohalogenierter 
Stoffe wie HCH und verwandte Stoffe sowie aromatische und aliphatische chlorierte und bromierte 
Stoffe wurden nachgewiesen. Damit lässt sich die große strukturelle Vielfalt der industriellen 
Verunreinigungen darstellen, welche durch die meisten Monitoringprogramme nicht erfasst werden, da 
sich dort meist nur auf die Hauptmetaboliten konzentriert wird. 
 
Mit dieser Studie soll verdeutlicht werden, dass bei sedimentären Belastungen nicht nur die 
extrahierbaren Anteile betrachtet werden sollten, sondern auch die Einbindung der Stoffe in 
partikuläres Material, da diese eine Langzeitgefährdung darstellen können. Der Remobilisierung 
eingebundener Kontaminanten und deren Transformationsreaktionen wurden bei Untersuchungen von 
Sedimenten bisher zu wenig Beachtung geschenkt. Weiterhin können freigesetzte Kontaminanten 
über eine bestimmte Strecke transportiert werden, z.B. gebunden an kolloidales Material in der 
Wasserphase. Dadurch kann die ursprünglich punktuelle Kontamination auch an anderer Stelle ein 
Gefährdungspotential bilden. Auch derartiger Transport von Stoffen aus dem Sediment in die 
aquatische Umwelt ist in der Literatur wenig beachtet worden. Isotopenuntersuchungen werden immer 
häufiger an Umweltkontaminanten durchgeführt; bisher wurden DDT und seine Metaboliten aber kaum 
untersucht. Diese Studie identifizierte das belastete Sediment als die Kontaminationsquelle des 
aquatisch auftretenden DDAs. 
 
Zusammenfassung 
 
 
 
VI 
In vielen Studien beschränken sich die Untersuchungen von DDT-Kontaminationen auf die 
Hauptmetaboliten. Auch bei screening-Analysen werden oft nur Hauptmetabolite von Xenobiotika 
betrachtet. Diese Studie zeigt, dass das oftmals nicht hinreichend ist, um das Ausmaß einer 
Kontamination zu erfassen. Grundsätzlich sind Altlasten bzw. Kontaminationen in der Umwelt 
komplexen Umwandlungs- und Transportreaktionen unterworfen, weshalb es schwierig ist, das 
gesamte Gefährdungspotential zu erfassen. 
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1  Introduction 
1.1 Geochemical investigations of organic pollutants 
Geochemistry. The scientific discipline of organic geochemistry combines the application of the 
principles and methods of organic chemistry to sedimentary geology. Its origin goes back to the 
evolution of petroleum geochemistry (Kvenvolden, 2002). Nowadays, organic geochemistry is a widely 
recognized geoscientific discipline which has contributed to several other disciplines, such as geology, 
biology, oceanography, environmental science and many more (Kvenvolden, 2006).  
 
Organic substances like coal, petroleum or natural gases are formed naturally by bio-geochemical 
cycles. Among such compounds, there are halogenated organic substances, e.g. halogenalkanes 
formed by marine algae, chlorinated diterpenes isolated from soft corals and chloroaromatics obtained 
by volcano ashes (Gribble, 1994). Halogenorganic substances formed by anthropogenic activities e.g. 
by chemical industry and municipal discharges are released in much larger amounts into the 
environment and can cause intense pollution. 
 
Sources. Generally, there are two kinds of sources of environmental contaminants: point sources and 
diffusive sources. The point sources discharge compounds into the environment directly, e.g. by 
industrial activities, municipal emissions, waste deposits or the direct application like the use of 
pesticides in agricultural activities. Second, xenobiotics can be emitted diffusively due to transport 
processes, e.g. atmospheric deposition referring long-range atmospheric transports (LRAT) from point 
sources or surface runoff. In this study, a longstanding pollution discharged from an industrial point 
source is evident (Heim et al., 2005). 
 
Pesticides are well investigated environmental contaminants, often revealing a significant impact on 
the environment depending on its dispersion in the environment and on its toxicological properties 
(van der Werf, 1996). Pesticides are grouped according to their application, e.g. insecticides, 
herbicides, fungicides and many more. Aldrin (1,2,3,4,10,10-Hexachlor- 1,4,4a,5,8,8a-hexahydro-1,4-
endo-5,8-exo-dimethanonaphthalin), dieldrin (1,2,3,4,10,10-Hexachlor-6,7-epoxy-1,4,4a,5,6,7,8,8a-
octahydro-1,4-endo-5,8-exo-dimethanonaphthalin), HCB (hexachlorobenzene) and DDT (2,2-
Bis(chlorophenyl)-1,1,1-trichlorethane) are well-known chlorinated pesticides belonging to the “dirty 
dozen” and forbidden nearly worldwide by the Stockholm Convention since May 2001 (UNIDO, 2009; 
Warren et al., 2003). In a few countries of the world, the use of DDT is still allowed as an intermediate 
for the production of dicofol (de la Cal et al., 2008) and in the developing countries it is still used for the 
control of malaria (Dalvie et al., 2004; Barnhoorn et al., 2009). Concern about the adverse effects of 
pesticides on the environment and all inhabitants raised already in the early 1960s (Carson, 1962; 
Woodwell, 1967). Especially the crucial effects of the insecticide DDT and its metabolites were pointed 
out.  
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1.2 Environmental compartments 
The environment can be considered to be built up by multiple compartments affecting each other by 
various interactions. Air, water, soil and biota are the main compartments, where xenobiotics are 
subject to dynamic interactions like transport- and transfer processes as well as transformation 
processes (Fent, 2003). For atmospheric transport the volatilisation of compounds is a crucial 
parameter expressed by KH-values (Henry constant). The persistence of compounds is another 
important factor influencing long-range transport via atmosphere (Aulagnier et al., 2005; Burkow et al., 
2000). A freshwater sedimentary environment consists of a sediment bed and a water phase 
containing suspended particles (Warren et al., 2003). The water phase including the suspended 
particulate matter represents an aerobic environment, whereas the sedimentary phase is often 
exposed to anaerobic conditions. Due to various microbial transformation pathways, most organic 
compounds reveal individual degradation pathways in these two environments. 
 
Water. The environmental compartment ‘water’ can be subdivided into marine and surface waters, 
estuaries, rivers, groundwater and many more. In this study, surface water of a man-made canal, 
groundwater affected by an industrial point-source and groundwater influenced by bank filtration used 
for drinking water winning were investigated. 
Considering groundwater contaminations, investigations have to be focussed on determining the 
spatial and quantitative extend of the contamination and on evaluating measures for renaturation. The 
presence of contaminants in groundwater can affect the groundwater quality. The technology of choice 
used for water winning in the studied area is mainly bank filtration. It bears the potential to remove 
natural organic matter, organic contaminants and pathogenic microbes from surface water. This 
technology is conducted in alluvial valley aquifers where mostly sand and gravel dominates, 
embedding layers of silts and clays left by floodplain deposits (Tufenkji et al., 2002).  
In freshwaters, various microorganisms are existent in the watery phase and are associated with the 
colloidal phase or the sedimentary material (Warren et al., 2003). Important transformation processes 
in aquatic systems are hydrolysis, photolysis, microbial degradation and oxidation processes. Particle-
associated organic contaminants adsorbed on organic matter can be transported over long distances. 
Such compounds can be released to the water phase by desorption processes. At the sediment-water 
interface, exchanges of compounds between the compartments by diffusion, bioturbation and 
resuspension can occur (Schwarzenbach et al., 1993).  
 
Sediment. Natural sediments consist of inorganic minerals and natural organic matter, which can 
associate with contaminants by sorption and chemical binding. The organic matter in sediments 
contains humic substances, consisting of humic acid, fulvin acid and humin. The humics in soils are 
derived from plant matter. The greater part of the sedimentary organic matter as well as the dissolved 
organic matter in seawater is humic or humic-like (Killops, Killops, 2005). Mineral sedimentary 
particles may be e.g. clay or silt which can associate with the contaminants. 
The accumulation of compounds in the sediments is depending on their physical-chemical properties, 
like their polarity and the resulting lipophilicity, which is expressed e.g. by KOC- (octanol-water 
coefficient) or Kd-values (organic carbon-sorption coefficient). Transport processes affecting the 
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distribution of xenobiotics in riverine or canal systems are the horizontal flux of particle associated 
compounds, sedimentation and resuspension. The general flow direction is influencing the sediment-
associated deposition of adsorbed pollutants (Schwarzbauer, 2006). 
Many organic chemicals form bound residues in soils and sediments affecting the compounds’ 
bioavailability and xenobiotics’ toxicity (Northcott et al., 2000). Therefore, soils and sediments can act 
as environmental sinks for incorporation-prone chemicals. In addition, the formation of bound-residues 
is also important with regard to detoxification processes and long-term compound partitioning 
behaviour in soils and sediments. Bound residues may be released due to the turnover of organic 
carbon or they may undergo further binding due to diagenesis processes. Bound residues have been 
studied widely regarding their incorporation in soil (Gevao et al., 2000) inter alia by use of 13C-labelled 
polycyclic aromatic hydrocarbons (Richnow et al., 1998). Detailed information concerning organic 
compound bound residues are described elsewhere (Northcott et al., 2000; Schwarzbauer et al., 2003; 
Heinisch et al., 2005). The bond of xenobiotics to geopolymers can be formed by interactions of 
different strength, e.g. weaker bonds like van-der-Waals forces or adsorption, stronger ionic 
interactions or covalent bonds. The reversibility of the incorporations depends on functional groups 
within the molecule, pH and redoxpotentials and of the characteristics of the geopolymer. Referring to 
microbial degradation, the strength of the bond and the incorporation process are important. Possible 
toxicological affects are reduced due to the limited bioavailability of bound pollutants and, therefore, a 
higher persistence is observed as well as modified transformation processes. Sequential chemical 
degradation techniques allow the selective release of components depending on the character of 
incorporation or binding (Schwarzbauer, 2006 and 2005). Especially by the occurrence of organic 
matter in combination with clay and silt, soils have been proven to influence considerably on pesticide 
leaching (Danish EPA, 2009).  
1.3 The pesticide DDT – a persistent pollutant 
Historical. DDT was synthesized for the first time in 1874 by O. Zeidler and in 1948, P. Müller won the 
Nobel price for the discovery of the insecticidal effect of the structure. In the 1950ies DDT was applied 
worldwide, mainly to control the malaria disease. In the 1960s, the effects of the wide-range use of 
DDT were determined (Fent, 2003). A high amount of the eggs of peregrine falcons were broken and 
the amount of doves was decreasing as well. Further on, a wide range of birds showed similar effects 
and the thinning of the birds’ eggs was determined. In the following years, the verification of the effects 
of DDT on bird populations was achieved experimentally. A direct correlation between the DDE (2,2-
Bis(chlorophenyl)-1,1-dichloroethene) concentration and the thinning of the egg shell was evident. In 
1972, DDT was prohibited in the USA, Western Germany and further western countries. In 1990 about 
15000 t were still produced worldwide, especially for the control of vector diseases like malaria (Fent, 
2003; Römpp, 2006). 
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Fig. 1.1 Synthesis of DDT 
 
Synthesis. The insecticide DDT is synthesised by condensation reaction of chloralhydrate with 
chlorobenzene in the presence of conc. sulphuric acid. In the first step, the chloralhydrate is added to 
chlorobenzene under elimination of one water molecule. Second, another molecule of chorobenzene 
is added to the intermediate with elimination of another water molecule. The p,p’-isomer is the main 
product, furthermore the o,p’-isomer is formed. The o,o’-isomer only occurs at trace levels. The 
toxicological effects are well studied: the LD50 value is about 113 mg/kg (rat), human beings show first 
effects after intake of 30-500 mg (Römpp, 2006). DDT is classified by the European Commission as 
carcinogenic, dangerous for the environment and toxic. It is not the acute toxicity which makes DDT an 
intricate compound; the lipophilicity and the persistence caused by further persistent metabolites which 
represent a significant problem in terms of ecotoxicology.  
 
Degradation pathway. The metabolic degradation of DDT proceeds very slowly, and, as a result, a 
high persistence of DDT and its metabolites in the environment is present (Wetterauer et al., 2008). 
The degradation of DDT in subaquatic sediment occurs predominantly via the anaerobic pathway by 
enzymatic reactions like dehydrochlorination or by reductive dechlorination (Zook et al., 2009; 
Eganhouse et al., 2008; Heberer, 1999). Generally, the anaerobic degradation pathway DDT ? DDD 
and the aerobic pathway DDT ? DDE is assumed, but DDE can also occur under anaerobic 
conditions. Subsequent metabolites of DDD in the anaerobic pathway are DDMS (2,2-
Bis(chlorophenyl)-1-chloroethane) followed by DDNU (2,2-Bis(chlorophenyl)ethene). DDE forms 
mainly DDMU (2,2-Bis(chlorophenyl)-1-chloroethene) and DDNU. DDA is formed via DDOH (2,2-
Bis(chlorophenyl)ethanol), which is formed by both, DDMS and DDNU. The metabolite DDEt (2,2-
Bis(chlorophenyl)ethane) is formed by DDNU and finally degrades to DDOH. Additionally, DDCN (2,2-
Bis(chlorophenyl)acetonitrile is a possible DDT metabolite. Its relevancy in the DDT pathway is not 
precisely known at this time and has to be verified. There are other metabolites occurring which are 
not mentioned in this scheme and which have not been taken into consideration in our study. For 
detailed information see further literature. The o,p’-isomers and further compounds formed by ring 
cleavage are not shown in the figure. 
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Fig. 1.2: Simplified degradation pathway of p,p’-DDT, modified after Zook & Feng (2009), 
Eganhouse and Pontolillo (2008), Heberer (1999)  
 
Ecotoxicological effects. Generally, lipophile compounds can be assimilated by microorganisms and 
accumulated into the fatty tissues of animals (Fent, 2003). Especially the persistent organic pollutants 
(POPs) accumulate in the adipose fish tissues enter the human food chain by fish consumption and 
may consequently cause physiological impact.  
DDT belongs to the vPvB-compounds, that means “very persistent and very bioaccumulative” and 
therefore, production and application bans were introduced in the seventies. In the POP Convention of 
the UNEP in 2003, the prohibitions have been renewed and DDT may only be applied in some rare 
cases for the control of vector diseases (Heinisch et al., 2005).  
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Due to the lipophile character of DDT and its unpolar metabolites, they tend towards bioaccumulation 
(Wetterauer et al., 2008). DDT is a prime example of biomagnification. It degrades very slowly into 
water-soluble DDA. The concentration of DDT has increased strongly from zooplankton to falcon 
(Woodwell et al., 1967). As discovered later, the process of bioconcentration is important as well 
especially for the food chains in aqueous media.  
The ecotoxic effects of DDT and metabolites were studied by Wetterauer et al. (2008). Some DDT-
metabolites reveal an estrogene effects in the succession: o,p’-DDT > p,p’-DDMS > p,p’-DDMU > p,p’-
DDCN were obtained. P,p’-DDA showed a slightly antiestrogene effect. DDA is an endocrine 
disrupting chemical which reveals a high risk of disturbing processes in the ecosystem (van der Werf, 
1996).  
Due to their high affinity to organic matter, DDT and metabolites are adsorbed on particulate matter 
and are accumulated in the sediments. These contaminants can accumulate also in the sediment-
dwelling animals like molluscs and crabs with levels up to 69 ?g/kg (sum of p,p’-DDT, o,p’-DDT, p,p’-
DDE and p,p’-DDD; Yang et al., 2006). Furthermore, the bioavailability for earthworms from in was 
investigated (Tang et al., 1999). A further study presents biota-sediment ratios (Van der Oost et al., 
1996). High biota-sediment accumulation factors for DDTs indicate that biomagnification contributed 
significantly to the total bioaccumulation process. Bioaccumulation does not only depend on the type 
of organism and analyte, but also site-specific factors should be taken in account. DDE and DDT 
accumulated significantly in eel muscle tissues, while accumulation of DDD was rather low. In 
sediments, the levels of biota-sediment accumulation were in the same range. Furthermore, DDT and 
its derivatives were determined in fish collected from eastern and southern Asia and Oceania (Kannan 
et al., 2004).  
 
Actual studies. Recent studies accomplished during the last two years investigated e.g. the spatial 
variations of DDT-metabolites in air and soil-air exchange (Zheng et al., 2010; Wong et al., 2010), the 
anaerobic biodegradation of DDT in contaminated soil (Baczynski et al., 2010) or the bioaccumulation 
of DDE in eggs (Jayarman et al., 2009). Currently, the effects of DDT used for indoor residual spraying 
in South Africa to control malaria (Barnhoorn et al., 2009) were investigated. The global status of DDT 
and possible alternatives for malaria treatment are discussed in (van den Berg, 2009). Especially in 
China, DDT is still an important pollutant and many studies demonstrate its persistence and 
metabolism (Hu et al., 2009; Xing et al., 2009; Gao et al., 2008). Additionally, the hazard effects on 
human health are investigated: DDT and DDE were found to influence the mRNA expression 
(Mlynarczuk et al., 2009) and DDE was found to be a risk for type 2 diabetes (Rignell-Hydboom et al., 
2009).  
In Heinisch et al. (2005), the current DDT contamination from hotspots like the Teltow canal, the river 
Mulde (both in Germany) and Bilina (Poland) were investigated. The origin and the temporal 
development were reported. The common focus in all these studies lies on the main DDT-metabolites 
DDD and DDE, sometimes DDMS and/or DDMU are mentioned but further metabolites especially the 
polar DDA are neglected. Therefore, it is important for future studies to pay attention to the metabolism 
pathway of DDT and its unpolar metabolites in aquatic environments due to the formation potential of 
DDA. Very low concentrations of DDT and some metabolites are found in the arctic regions (Letcher et 
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al., 2009) as well as on the Zugspitze (Lammel et al., 2009) and in the Himalaya, e.g. here the sum of 
DDTs amounts 24 pg/L in snow samples (Kang et al., 2009). 
1.4 The sampling site 
The premises of the former industrial plant (CP) are situated in the Berlin Glacial Spillway with 
predominantly sandy-gravel deposits. The depth range is limited by the tertiary rupelium layer acting 
as a hydraulic barrier against the deeper saltwater tier. Three Saale-ground moraines are extending 
partly into the underground of the premises in a depth of about + 20m to – 10 m mean sea level 
(Anthofer, 1990). The upper layer of the groundwater aquifer is sandy; therefore, water pollutants can 
leach into the underground without geological barriers. 
The sampling site is located in the eastern part of Berlin (former German Democratic Republic), the 
capital city of Germany. The area of the Teltow canal has been subject to environmental research in 
the past (Heim et al., 2005; Schwarzbauer et al., 2003; Kronimus et al., 2006). The canal has been 
used as a drainage area for rainwater and industrial wastewater and as a shipping canal for industrial 
supply. The canal, exhibiting a length of approximately 38 km, connects the rivers Dahme and Havel. 
The water body reveals a slow flow velocity and a high sedimentation rate of averagely 5 cm/y (Heim 
et al., 2005). About 10 km downstream the sampling location, the Teltow canal was hermetically 
closed due to the former border between the German Democratic Republic (GDR) and the Federal 
Republic of Germany (FRG). Between 1995 and 1999 dredging activities proceeded, resulting in 
changes of the steady-state system and long-time remobilisation processes. 
The production of DDT in the GDR took place between 1943 and 1986 (Heinisch et al., 2004); 
additionally HCH was produced between 1952 and 1989. The production of DDT and emission of 
unclean effluents lead to enhanced contamination of sediment by DDT. The former industrial plant is 
located at the Teltow canal near the estuary to the Dahme river. In the period between the 1940ies 
and 1986 about 60.000 t of DDT were produced (Heberer et al., 1999). 
Some kilometres downstream the studied area, a former drinking water winning plant is considered for 
recommissioning. Therefore, the risk of water contamination by the DDT-metabolite DDA and all 
precursor metabolites has to be calculated in order to reveal the remobilisation potential of the 
compounds investigated enabling their transfer into the water phase. 
1.5 Aim of the study 
The major aim of this study was to estimate the hazard of an industrial longstanding pollution by DDT 
with focus on DDA, a polar metabolite. The sediment of the Teltow canal has been part of 
investigations in the past and tremendous contamination was evident. In detail, about 10 km 
downstream the contaminated area, a former drinking water plant is considered for recommissioning 
after it has been shut down due to enhanced DDA concentrations measured in the groundwater of the 
infiltration area. About 65000 t of contaminated sediment were dredged out of the canal in the 1990ies 
(Rauch, 2008).  
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Fig. 1.3: The area of investigation at the east end of the Teltow Canal, Berlin (detailed map 
retrieved from http://www.tempicon.de/hafen.html). 
 
Nowadays, some years after the removal of this huge mass of contaminated sediment, investigations 
of the remaining sediment are considered to reveal the actual state of the DDA contamination 
potential. In addition to the calculation of the maximum contamination range, also details of the 
incorporation of DDT metabolites in sediment were investigated. The metabolites can be remobilized 
and transported into the water phase. Especially DDA represents a risk for drinking water, therefore, 
the transport behaviour of DDA was studied and its retention in soil from the infiltration area of the 
drinking water plant. 
 
The groundwater underneath the former industrial plant nearby the Teltow canal was analysed for 
DDA and further DDT metabolites and has been complemented by a target-screening on a number of 
selected organohalogenated compounds. DDT and HCH were the main pesticide compounds 
produced in the past and attention should be drawn to their metabolites and further related 
compounds.  
 
Furthermore, stable carbon (13C-CSIA) isotope analyses of several DDT-metabolites in sediment, river 
water and groundwater were conducted in order to gain information on possible microbial degradation 
processes in the compartments investigated. Additionally, the isotope analyses potentially offered 
possible correlation between the sediment-associated DDA and further sources of DDA present in 
water samples of the infiltration area.  
 
The investigation on sediment and water samples from the studied area can reveal information about 
the actual state of the contamination and impacts on the environment. The maximum DDA 
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contamination potential, the transport processes of sedimentary DDA, the identification of the 
contamination source and a screening on organohalogenated compounds allows a comprehensive 
view on the longstanding DDT-related pollution.  
 
This study was conducted within the scope of a research assignment by the Senate of Berlin. It was 
extended by the screening of the polluted water samples of the industrial plant. 
 
2 Estimation of the potential of particle-associated DDT-metabolites for the formation of water-soluble DDA 
 
  
10 
2  Estimation of the potential of particle-associated DDT-metabolites for the 
formation of water-soluble DDA 
Abstract. The pesticide DDT (2,2-Bis(chlorophenyl)-1,1,1-trichlorethane) and its metabolites 
represent a contamination risk for the aquatic environment, especially the polar metabolite DDA (2,2-
Bis(chlorophenyl)acetic acid). This study reveals an overview on the maximum sedimentary DDA-
contamination potential at the Teltow canal in Berlin (Germany), which is affected by a former 
industrial point-source. Precursor metabolites of DDA were analysed as well due to their 
transformation potential to DDA. Data about bound and non-bound metabolites were obtained by 
successive extraction and degradation techniques. The highest amount of effectively released DDA 
was revealed in the hydrolysable fraction isolated from the sediment. Several precursor metabolites 
like DDD (2,2-Bis(chlorophenyl)-1,1-dichlorethane) and DDMS (2,2-Bis(chlorophenyl)-1-chloroethane) 
were extractable from the humic matter of the sediment. In detail, the sediment body in the 
investigation area was characterized by a calculated mass of 541 t of contaminated sediment. The 
maximum DDA potential stored was estimated of about 63 kg, including about 40.4 kg represented by 
precursor metabolites which can form DDA by transformation. This contamination represents a 
significant pollution risk for the groundwater in the investigated area, situated in the vicinity of a 
drinking water production district. 
2.1 Introduction 
The distribution and fate of organic contaminants in environmental compartments is complex (Pollard 
et al., 2008; Hickman et al., 2008; Söderström et al., 2009). In sediments, organic pollutants can be 
incorporated into the organic matter and degraded by microorganisms. In the aquatic environment, 
organic pollutants can be associated to the suspended particulate matter and released again by 
desorption processes. Within the sedimentary organic matter (SOM), which consists amongst others 
of humic acids, an extractable and non-extractable fraction (“bound residues”) of pollutants can be 
differentiated by sequential degradation reactions. Thereby, the extractable amounts are representing 
a direct contamination potential for the aquatic environment due to the weak bonding to the SOM by 
van-der-Waals-forces or ionic attraction. 
For a comprehensive evaluation on the contamination of riverine systems it is necessary to regard 
both fractions, because the non-extractable fraction, characterised by incorporation due to covalent 
bonding, can reveal a long-term contamination risk due to their remobilisation potential of organic 
pollutants to the environment (Klaus et al., 1998). Especially polar organic compounds exhibit 
considerable solubility and represent a contamination risk for water. 
Halogenated organic compounds are prone to a high environmental persistence (Letcher et al., 2009; 
Hartwell et al., 2008; Manz et al., 2001). Especially pesticides like DDT which represents the main 
contamination in this study, are well known pollutants. DDT is characterised by high enrichment factor 
in sediment (Terytze et al., 1991), resulting in a strong tendency for geoaccumulation. Hence, 
sediments and soils can act as sinks for xenobiotics (Tao et al., 2008; Megharaj et al., 2000). The 
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DDT toxicity decreases due to the lower bioavailability as a result of incorporation into the non-
extractable particulate matter but this generates also a long-term source for these compounds.  
DDT has been used worldwide as an insecticide in agriculture and for care of human diseases like 
malaria (Walker et al., 2003; Barnhoorn et al., 2009). DDT and its metabolites like DDD and DDE (2,2-
Bis(chlorophenyl)-1,1-dichloroethene) were found to be highly persistent in the environment. 
Application of xenobiotics like lindane (?-HCH) and of DDT has been banned in the former western 
part of Germany since 1980s, in the former eastern part of Germany since 1989/90, the United States 
since 1972, in China since 1983 (Gong et al., 2004). The global distribution of DDT and its metabolites 
has been studied intensively (Hong et al., 2008; de la Cal et al., 2008; Darko et al., 2008; Xue et al., 
2006; Gong et al., 2004; Hartwell, 2004), but DDA has been neglected widely, only a few studies 
considered this metabolite (Heim et al., 2005; Schwarzbauer et al., 2005; Wan et al., 2005). For a 
comprehensive assessment of a DDA contamination it is necessary to analyse the contamination risk 
which is caused by the precursor metabolites due to their transformation potential to DDA.  
 
Environmental contamination by persistent organic compounds is related to both, point-sources and 
diffuse sources. Point-sources may be related to industrial effluents, municipal emissions or 
agricultural activities. Diffuse sources may be surface run-off, deposition and atmospheric transport 
including long-range atmospheric transport (LRAT) which is the major pathway for the transfer of 
persistent pollutants to remote sites (Kallenborn et al., 2006; Becker et al. 2008).  
 
In the present study, subaquatic sediment of the Teltow canal in Berlin (Germany) was investigated. 
This canal is located nearby a former industrial plant where DDT has been produced. The canal was 
used as drainage for rainwater and industrial wastewater and a shortening between Dahme and Havel 
river for industrial shipping activities. It reveals a length of approx. 38 km and connects the two rivers 
Havel and Spree. It is characterised by a very slow flow velocity, occasional flow direction reverse and 
a high sedimentation rate. High accumulation rates and undisturbed deposition are present in this 
subaquatic sediment. The former industrial plant is located at the eastern end of the canal. In the 
years between 1940 and 1986 about 60000 t of DDT were produced (Heberer et al., 1999). Emissions 
of untreated effluents lead to a strong contamination of canal sediment by DDT. Therefore, a removal 
of about 65000 t highly contaminated sediment in the period from 1993-1999 by dredging took place, 
which resulted in a change of the steady-state system and long-time remobilisation processes (Heim 
et al., 2005; Heinisch et al., 2004). 
 
Some kilometres downstream of this studied area, a former drinking water winning plant is under 
consideration for recommissioning using bank filtration of river water for 62% (Digitaler Umweltatlas 
Berlin). Therefore, the risk of water contamination by the DDT-metabolite DDA and all precursor 
metabolites has to be calculated to reveal the mass of compounds which can be released into the 
water by remobilisation processes.  
 
The main objective of this study was to obtain an overview on the actual maximum contamination 
state referring to the formation potential of water-soluble DDA and an assessment of the resulting 
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contamination risk for drinking water from the remaining DDT-contaminated sediment of the Teltow 
canal where a former pesticide production plant is located. 
2.2 Materials and methods 
2.2.1 Sampling 
Twelve subaquatic surface sediment cores with a maximum depth of approx. 65 cm were taken from 
the Teltow canal, Berlin with a gravity corer with liner system according to Eijelkamp (modified). The 
cores were split into 3-4 parts; the upper sandy layer was abolished. Aliquots of the sediment samples 
were freeze-dried and stored at 4°C in the dark prior to analysis. Detailed information about the single 
sediment cores is available in the appendix. 
2.2.2 Chemicals and reagents 
All chemicals and reagents and solvents were purchased from Sigma Aldrich (Taufkirchen, Germany), 
Merck (Darmstadt, Germany) and Roth (Karlsruhe, Germany). Solvents were distilled and purity was 
checked by gas chromatography. All glass materials were pre-cleaned with acetone and hexane. 
2.2.3 Degradation procedures 
Figure 2.1 delineates the performed sequential degradation steps in order to reveal the extractable 
and non-extractable fractions. Recoveries rates for the extraction and evaporating procedures were 
taken from Heim et al. (2005). Steps 2 to 5 (RuO4 treatment) were performed on the basis of 
Schwarzbauer et al. (2003).  
 
Step 1: Extraction 
Aliquots of approx. 5 g of freeze-dried sediment samples were extracted five times by sequential 
dispersion extraction using solvent mixtures of acetone and hexane. The combined extracts were 
volume reduced by rotary evaporation, dried with granular anhydrous Na2SO4 and desulphurized by 
addition of activated copper powder. The extract was fractionated on silica gel microcolumns by 
elution with six different mixtures of n-pentane, dichloromethane and methanol. To each fraction, 
50 ?L of an internal standard mixture, containing d34-hexane (12 ng/?L) in n-hexane were added to 
non-polar and semi polar fractions. To the polar fractions an internal standard containing 
decafluorobenzene was added (18 ng/?L). The methanol fraction was treated with methanolic 
diazomethane solution in order to methylate acidic groups. Details of the applied fractionation 
procedure are described elsewhere (Schwarzbauer et al., 2003).  
 
Step 2: Acid hydrolysis 
The residue of the pre-extracted sediment was added to 20 mL of 4N hydrochloride acid in a glass 
vessel, which was hermetically closed and heated for 24 hours at 105°C. After cooling and 
sonification, the liquid phase was decanted into a separatory funnel and 50 mL of HPLC grade water 
was added. 
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Fig. 2.1: Successive degradation treatment of the sediment samples 
 
The solid residue was extracted sequentially with methanol, dichloromethane and n-pentane by 
ultrasonic treatment and the extracts were combined with the watery phase. Then extraction with 
dichloromethane was performed three times, the extract was dried with anhydrous NaSO4, 
concentrated and fractionated on silica gel columns with three eluates: 5 mL of a mixture of n-
pentane:dichloromethane (1:1 v/v), 5 mL dichlormethane and 5 mL methanol. To each fraction 50 ?L 
of an internal standard solution, containing 12 ng/?l d34-hexadecane was added. The methanol fraction 
was treated with a methanolic diazomethane solution for methylation of acid groups and an internal 
standard with 18 ng/?L decafluorobenzene was added. 
 
Step 3: Alkaline hydrolysis 
The sediment residue of the acid hydrolysis was added to a mixture of 5 mL methanol, 2 mL of HPLC 
grade water and 2 g potassium hydroxide in a glass vessel, which was closed hermetically and heated 
for 24 hours at 105°C. After cooling down to room temperature and sonification for 15 min, the solution 
was acidified with hydrochloric acid conc. to approx. pH 4 and extracted sequentially with methanol, 
dichloromethane and n-pentane by ultrasonic treatment. The extracts were combined and extracted 
three times with dichloromethane. The combined organic phases were dried, concentrated and 
fractionated on silica gel columns with 5 mL n-pentane, 5 mL dichloromethane and 5 mL methanol. To 
each fraction, an internal standard solution was added with 12 ng/?l d34-hexadecane and for methanol 
fraction with 18 ng/?L decafluorobenzene. The methanol fraction was treated with a methanolic 
diazomethane solution for methylation of acidic groups.  
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Step 4: Boron Tribromide Treatment 
The residue of the preliminarily extracted and hydrolysed sediment was treated with a boron 
tribromide solution (1 M) in dichloromethane via sonification for 30 minutes and then stirred at room 
temperature for 24 hours and finally sonificated again. After addition of 5 mL of diethyl ether, the 
mixture was decanted and filtrated. The solid residue was washed twice with diethyl ether and the 
combined washing solutions were added to the filtered reaction mixture. The mixture was washed 
again and dried and subsequently concentrated by vacuum distillation. Thereafter, the solution was 
fractionated on silica gel columns by elution of the following solutions: 1. n-pentane:dichloromethane 
(95:5 v/v), 2. dichloromethane and 3. methanol. To each fraction 50 ?L of an internal standard solution 
containing 12 ng/?L d34-hexadexane was added. 
 
Step 5: Oxidation procedures 
Oxidation reaction with KMnO4 and RuO4 was performed to reveal a comparison of these two 
techniques. KMnO4 -treatment was performed after Quenea et al. (2005). To the sample residue of the 
BBr3-treatment, 0.5g NaCO3, 25 mL water and 25 mL of a 0.25 M KMnO4 -solution with a dropping 
rate of 3 mL/min were added. The mixture was stirred at room temperature for 2 hours. After stirring, 
the mixture was acidified with HCl to pH 3 and the residual KMnO4 was reduced with Na2S2O5. The 
solution was centrifuged, extracted 3 times by 20 mL dichloromethane respectively and concentrated 
by vacuum distillation. The remaining solution was dried and activated copper powder was added to 
desulphurize the samples. Thereafter, the solution was fractionated on silica gel columns by elution 
using dichloromethane and methanol. To each fraction 50 ?L of an internal standard solution 
containing 12 ng/?L d34-hexadecane was added. 
 
For RuO4 treatment, to sample residues from BBr3 treatment, 500 mg NaIO4, 10 mg RuO4,  8  mL of  
carbon tetrachloride, 8 mL of acetonitrile as well as 1 mL of HPLC grade water were added. The 
mixture was stirred for 4 hours at room temperature. Thereafter, the reaction was stopped by addition 
of 50 ?L methanol and the same volume of concentrated sulfuric acid. The mixture was decanted, 
filtered and the residue was washed three times with carbon tetrachloride. Subsequently, the mixture 
was stirred for 24 hours at room temperature. After addition of 5 mL HPLC grade water, the CCl4-
phase was separated, the remaining aqueous acetonitrile phase was washed three times with diethyl 
ether and the washing solution was combined with the CCl4-phase. The combined organic layers were 
concentrated by rotary evaporation and iodine was removed by addition of sodium thiosulfate. The 
aqueous layer was carefully removed by pipettation. The remaining solution was dried and 
concentrated to 0.5 mL. The subsequent fractionation on silica gel column was carried out by elution 
with dichloromethane and a mixture of diethyl ether and methanol (2:3 v/v).  
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2.2.4 Gas Chromatography – Mass Spectrometry (GC-MS) 
2.2.4.1 Analysis by GC-FID 
Gas chromatographic analysis were performed with a Carlo Erba Mega Series GC 6000 fitted with a 
30 m x 0.25 mm fused-silica capillary column ZB-5 (Phenomenex, Aschaffenburg, Germany) with 0.25 
?m film thickness. Carrier gas was hydrogen (purity 99,999%) flowing at a velocity of 45 cm/s. The 
oven temperature was held at 60°C for 3 min, then programmed at 5°C/min to 310°C, which was held 
for 15 min. Injection of 1 ?L sample aliquot was performed via a hot split/splitless injector at 270°C 
with a splitless time of 60 sec. The detector (FID) temperature was set to 310°C. 
2.2.4.2 Analysis by GC-MS 
Gas chromatographic mass spectrometric measurements were performed using a Carlo Erba Mega 
Series GC 5160 fitted with a 30m x 0.25 mm x 0.25 ?m capillary column (ZB-5, Phenomenex, 
Aschaffenburg, Germany) linked to a Thermoquest Trace Quadrupole-MS. Carrier gas was helium 
(purity 99.999%) set to a velocity of 36 cm/s. The oven temperature was held at 60°C for 3 min, then 
programmed at 5°C/min to 180°C and then programmed at 3°C/min to 310°C and held for 15 min. The 
sample volume was 1 ?L using hot splitless injection applying a splitless time of 60 sec. The mass 
spectrometer operated in Ei+ full scan mode (70 eV) scanning from 35 to 740 m/z with a scan time of 
0.5 s. Source temperature was set to 250°C and interface temperature to 200°C.  
Quantification was performed by integration of specific ion chromatograms extracted from the Total 
Ion Chromatogram (TIC). Dry mass (sediment samples), injection volume and analysis volume were 
taken into account and corrected by comparing the internal standard abundances with those in the 
calibration mixture. An external five-point-calibration, generated from a mixture of reference 
compounds, was used for quantification. The detection limit was about 0.3 ng/g, no attempt was made 
to quantify compounds at concentrations lower than 1 ng/g.  
 
2.3 Results and discussion 
The sequential analysis of sediment samples revealed several DDT-metabolites which were 
determined in bound and non-bound fractions. Considering these data, the total contamination range 
of the DDA contamination was calculated for a sedimentation area of the Teltow canal, which was 
divided into five parts to simplify the calculation. Thus, a distribution of the sediment contamination by 
raster scanning in the field mapped area has been obtained.  
 
Following investigations were performed for the calculation of the maximum contamination range: 
 
1. Field mapping of the sediment with respect to the flow direction. By considering the length of the 
cores the sediment thickness was calculated. The sediment area was divided into part A – E 
where 12 liner cores were taken, representing the contamination state in the five subareas. 
2 Estimation of the potential of particle-associated DDT-metabolites for the formation of water-soluble DDA 
 
  
16 
sediment core samples 
no. 1-13,
? green colored: 
distinctive sediment 
areas
13 12
11
7-9
4-6
3
1+2
A                           B            C         D     E
area of the former 
industrial plant
10
 
Fig. 2.2: Distinctive sediment areas and the partitioning into A to E with the sampling stations 
of the sediment cores (1 to 13, courtesy of M. Ricking, Free University Berlin). 
 
2. Determination of extractable and non-extractable DDT-metabolites for each horizon by 5 
sequential extraction and degradation steps. Representative samples of each sediment area were 
analysed. They were split stratigraphically into upper and lower parts to gain information about the 
corresponding sediment layers. The maximum obtained concentrations are presented in this 
chapter. 
3. Calculation of direct available, easily and hardly releasable fractions by compensation of the 
concentrations with the sediment thickness in the corresponding areas. Precursor metabolites for 
DDA were taken into consideration as well in order to reveal their DDA formation potential. 
2.3.1 Sediment mapping and raster sampling 
The field mapping of the sediment area was performed by geoelectric measurements by HGN 
Incorporated (Nordhausen, Germany). Figure 2.2 depicts the distinctive areas in the sediment body 
which are rich in humic matter and were chosen for the investigation. They were divided into subareas 
A – E in order to simplify the calculation of the total sediment depot. Representative sediment cores 
were taken from each subarea. They were split into maximum 3 sections to obtain data from upper 
and lower sediment layer. Based on the geoelectric data and the characteristics of the sediment cores 
(length of cores, density etc.), the sediment mass was calculated for each part. The thickness of the 
sediment cores served as basis for the calculation of DDA and relevant DDT metabolites (see part 
2.3.4). The calculation of the total sediment body was performed by M. Ricking (Free University of 
Berlin). A total sediment mass in the investigated area of 541 t was obtained (Tab. 2.1). 
2 Estimation of the potential of particle-associated DDT-metabolites for the formation of water-soluble DDA 
 
  
17 
Tab. 2.1: Parameters of the investigated sediment area determined by representative core 
samples  
area area [m²] density [g/cm³] sediment mass [t] depth [m] 
 top bottom top bottom top bottom  
A 3373 563 0.32 0.77 128.8 56.3 0.12 - 0.25 
B 872 700 0.43 0.79 45.4 76.9 0.12 - 0.26 
C 500 406 0.19 0.42 20.3 25.9 0.22 - 0.37 
D 963 303 0.34 0.65 39.0 23.6 0.12 - 0.24 
E 753 355 0.57 0.35 106.4 18.5 0.25 - 0.40 
 
2.3.2 Particle-associated DDT metabolites 
The maximum DDA contamination potential in the sediment of the Teltow canal is obtained by 
(1) free available DDA, 
(2) bound proportions of DDA, which remobilise time-dependent, and  
(3) the total contamination of free and bound precursor metabolites of DDA.  
 
The DDT metabolites obtained by sequential degradation techniques are divided into three groups: the 
free available, easily releasable and hardly releasable fractions. The extractable fraction is defined by 
free available compounds, which are adsorbed on sediment particles by e.g. van-der-Waals forces or 
ionic attraction. The non-extractable fraction is subdivided into the easily releasable and hardly 
releasable fraction. The easily releasable compounds are assumed to remobilise by hydrolysis 
processes, which occur under natural conditions. The hardly releasable fractions are covalently bound 
and require a higher bond cleavage enthalpy for remobilisation, which is induced in the laboratory by 
ether/ester bond cleavage and carbon-carbon bond cleavage. 
 
The intention was to perform a calculation of the maximum DDA contamination potential by 
quantitative determination of these different fractions and to relate the obtained concentrations to the 
sediment mass. The sedimentary xenobiotics can be remobilised to the groundwater area at the 
drinking water production plant next to the Teltow canal. 
The sediment samples were analysed with organic-geochemical standard procedures considering 
each horizon. Main interest was the quantitative determination of the secondary risk potential by 
(1) free available precursor metabolites which can form DDA after biotic transformation and 
(2) the fractions of DDA and corresponding metabolites bound to the sediment.  
 
The bound residues reveal no direct release potential but different remobilisation potentials. For 
considering the variable remobilisation in the risk assessment, the bound fractions were analysed in 
sequential steps with increasing chemical reactivity and, therefore, decreasing remobilisation 
potentials.  
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Fig. 2.3: Formation of bound residues using the example of DDA bound to the organic matter 
by ester bonds 
 
The results of the obtained data are demonstrated in this chapter. The maximum concentrations of 
DDT and observed metabolites are presented and discussed in context to literature. The tables reveal 
the maximum obtained concentrations for each sediment area and additionally for each upper and 
lower layer. Based on these data, the calculation was performed and is presented in the next chapter. 
Detailed results of organic-geochemical analyses are shown in the appendix. All metabolites in this 
article are presented as the sum of o,p’- and p,p’-substitution specification and are written without the 
sum symbol. The precursor metabolites of DDA are termed as DDX, all investigated DDT-metabolites 
are terms as tDDX (see abbreviations). 
2.3.3.1 Concentrations of free available DDA and precursor metabolites 
The free available DDT-metabolites are obtained by the extraction process and represent the non-
bound fraction. The most abundant compounds are the non-polar metabolites DDD, DDMS and 
DDMU with maximal concentrations of 180000 to 15000 mg/t (see Tab. 2.2). Furthermore, several 
non-polar and semi-polar metabolites were obtained in lower concentrations. In detail, further 
precursor metabolites of DDA are DDE, DDEt and DDNU in a concentration range of maximal 6300 to 
1300 mg/t. DDA was obtained with a maximal concentration of 1300 mg/t in area D. Metabolites 
formed after DDA, in detail DDCN, DDM and DBP were obtained as well. Moreover, the parent 
compound DDT was detected in some sediment samples with maximal 660 mg/t. The existence of 
DDT in the investigation area can be explained by the half-life time of 3-30 years, depending on the 
environmental conditions (Pirnie et al., 2006). In soils, the half-life of DDT is reported of a time range 
between 15 -35 years (Dem et al., 2007; Dimond et al., 1996).  
The distribution of the obtained metabolites in the investigated sediment area is clearly dominated by 
DDD accounting for 433.5 g in 541 t sediment mass, followed by DDMS (179.3 g in 541 t) and 
additionally DDMU (27.3 g/541t). Comparing the upper and lower sediment layers, the bottom layer 
reveals higher concentrations in areas A, C, D and E.  There is no clear trend observable which shows 
the complex system of the sediment body, which was treated by dredging activities in the 1990ies. In 
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an undisturbed system, a time correlation with higher concentrations in the bottom layer would be 
expected due to fresh uncontaminated sediment deposition in the upper layer.  
The appearance of the main metabolite DDD can be explained by the higher stability of DDD than 
DDT which results in a high secondary persistence. In an anaerobic sediment milieu, DDD is the 
dominant metabolite in the extractable fraction which is reported by several studies in the same 
investigation area (Heim et al., 2005; Kronimus et al., 2006; Schulze et al., 2003). The precursor 
metabolites DDD and other metabolites like DDMS and DDMU can form DDA after microbial 
degradation and, therefore, offer a significant contribution to the contamination of the investigated 
area. 
 
Earlier studies investigated at this sampling location revealed an enormous contamination state of the 
Teltow canal sediment. In Heim et al. (2005), a sediment core with a depth of 36 cm was analysed 
with regard to DDT metabolites in the extractable fraction. The main metabolites obtained were p,p’-
DDD and p,p’-DDMS, which represent the main metabolites of the anaerobic degradation pathway. In 
accordance with the results of this study, the DDA concentrations are very low in the extractable 
sediment fraction. The extracted sediment core revealed dominant DDT metabolites like p,p’-DDD (4-
133 mg/kg), p,p’-DDMS (2-94 mg/kg), p,p’-DDMU (3-18 mg/kg) and p,p’-DBP (7-27 mg/kg). Other 
metabolites were obtained in lower concentrations, including p,p’-DDE (1.5-6.7 mg/kg), p,p’-DDCN 
(0.3-5.0 mg/kg), p,p’-DDEt (0.2-2.6 mg/kg), and p,p’-DDNU (0.2-1.3 mg/kg). In very low 
concentrations, p,p’-DDM and p,p’-DDA were detected (70-750 ?g/kg and 10-190 ?g/kg). By 
comparison of the two studies in this investigation area the date of sampling and the different depths 
of the sediment cores must be considered. In the study presented here, 12 sediment cores represent 
a wide range of data in the regarded sampling location. 
A further study performed at this sampling location reveals additional data of extracted sediment 
material (Schwarzbauer et al., 2003). Surface sediment samples (0-15 cm) and one sediment core 
(split into part a: 0-3 cm and part b: 3-10 cm) were analysed for DDT-metabolites. In accordance with 
mentioned studies, DDD is the most abundant metabolite in extracted fractions with concentrations of 
max 130 mg/kg.  
Comparable results of the anaerobic metabolite distribution in sediment are represented by further 
investigations. In Havel and Spree sediments, surface sediment samples (0-20 cm) and cores (up to 
2m) were collected in 1993/94 and extracted (Schwarzbauer et al., 2001). In sediment samples, DDT 
metabolites like p,p’-DDMU, ?DDE, p,p’-DDMS, ?DDD, ?DDCN were detected. p,p’-DDD represents 
the main metabolite with maximum concentrations of 2900 ?g/kg (2700 ?g/kg for o,p’-DDD). p,p’-
DDMS is the second main metabolite and occurred with maximum concentrations of 340 ?g/kg. In 
Bohai Bay (Wan et al., 2005), water and sediment samples were compared. DDA accounted for 52-
93% of the ?DDT concentrations in water. The maximum concentrations of DDTs in the extractable 
fraction in sediment were ?DDD (95 ng/g), ?DDE (75 ng/g) and p,p’-DBP (41.27 ng/g). Further 
compounds were ?DDT (26 ng/g), p,p’-DDA (9.7 ng/g) and p,p’-DDMU (5.80 ng/g). 
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Table 2.2: Maximum concentrations of the free available fraction (extractable fraction) 
Step 1 (extraction); concentrations in mg/t; tDDX sum of o,p’- and p,p’- isomers 
area layer DDT DDD DDE DDMS DDMU DDNU DDEt DDA DDCN DDM DBP 
             
top 560 14000 460 20000 7100 700 350 n.d. 1500 n.d. 330  
A 
bottom n.d. 180000 160 52000 650 34 n.d. n.d. 150 n.d. n.d. 
             
top 260 41000 170 36000 450 110 150 47 1400 28 750 
B 
bottom n.d. 2000 21 700 210 4 8 n.d. 10 n.d. n.d. 
             
top n.d. 21000 280 10000 770 100 78 n.d. 2300 19 1700  
C 
bottom n.d. 110000 170 19000 540 110 110 n.d. 45 22 320 
             
top 140 8500 100 4000 460 43 86 1300 220 23 37  
D 
bottom 590 17000 400 6600 1500 100 150 490 n.d. 97 n.d. 
             
top 230 11000 4400 11000 570 6300 1300 49 1400 600 4100  
E 
bottom 660 29000 300 20000 15000 340 290 n.d. 860 120 1300 
             
total 2440 433500 6461 179300 27250 7841 2522 1886 7885 909 8537 
 
Further studies confirm the persistence of DDT and its metabolites. A study investigated POPs in 
mountain lakes in Europe (Grimalt et al., 2004). This area is not directly contaminated by point 
sources but diffusive sources like atmospheric transport and deposition cause the revealed pollutants. 
In the soil and sediment of the mountain lakes about 1.7 – 13 ?g/kg and 3.3 – 28 ?g/kg DDTs have 
been revealed. In China, the distribution of DDT in surface soil was investigated (Gong et al., 2004). 
Soil samples (0-10 cm) were extracted and the metabolites p,p’-DDT and p,p’-DDE were observed 
with mean concentrations of 27.5 ?g/kg and 18.8 ?g/kg Maximum concentrations were obtained for 
p,p’-DDT with 874.3 ?g/kg and for p,p’-DDE with 348.6 ?g/kg which point to an aerobic pathway. p,p’-
DDD was obtained with a concentration of 44.2 ?g/kg. The study reported that concentrations of DDT 
metabolites were nearly all higher at a pH below 8.0 compared to metabolites occurring in more 
alkaline soils. Reasons are changes in the structure of humic acid resulting in lower interaction sites 
with increasing pH.  
2.3.3.2 Concentrations of easily releasable DDA and precursor metabolites 
The easily releasable metabolites are gained by hydrolysis reaction. Therefore, compounds mainly 
bound by ester bonds to the organic matter were expected, which is especially DDA due to the 
carboxylic group. This anticipation is confirmed by the obtained results. In contrast to the free available 
fraction, the metabolites of the easily releasable fraction are dominated by DDA (Tab. 2.3). 
The maximum concentration was obtained in the top layer of area C with 650000 mg/t. In addition, the 
bottom layer reveals a high amount of 110000 mg/t. Further high DDA concentrations are in a range 
between 15000-41000 mg/t in the total area.  
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Table 2.3: Maximum concentrations of the easily releasable fraction (non-extractable fraction) 
Step 2+3 (acid and alkaline) hydrolysis; concentrations in mg/t; tDDX sum of o,p’- and p,p’- isomers 
area layer DDT DDD DDE DDMS DDMU DDNU DDEt DDA DDCN DDM DBP 
             
top n.d. 4100 230 2000 600 140 n.d. 1700 170 270 670  
A 
bottom n.d. 2000 140 1000 240 86 n.d. 36000 38 130 340 
             
top n.d. 920 67 2300 76 65 45 41000 160 820 1000  
B 
bottom n.d. 12 1 37 2 16 n.d. 610 1 10 9 
             
top n.d. 26000 590 12000 140 24 710 650000 1200 2200 3300  
C 
bottom n.d. 7400 410 880 2500 2600 180 110000 64 6600 1400 
             
top n.d. 980 58 450 170 410 n.d. 320 68 620 230  
D 
bottom n.d. 1400 2 690 4 n.d. n.d. n.d. 220 n.d. 340 
             
top n.d. 37000 1300 1800 2000 870 n.d. 15000 2100 910 5300  
E 
bottom n.d. 5900 110 2300 380 580 150 28000 1200 900 910 
                         
total n.d. 85712 2908 23457 6112 4791 1085 882630 5221 12460 13499 
 
The area D only reveals a low concentration of 320 mg/t. The addition of all maximum detected 
concentrations leads to a sum of about 883 g DDA in 541 t sediment. Other precursor metabolites for 
DDA received from the hydrolysis processes (both acid and alkaline added) are DDD and DDMS with 
total concentrations of maximal 85712 mg/541t and 23457 mg/541t. DBP and DDM were also 
obtained in higher amounts of 13499 mg/541t and 12460 mg/541t). DDD reveals maximum 
concentrations in the top layer of area E and C with 37000 mg/t and 26000 mg/t. DDMS was received 
with a maximum concentration of 12000 mg/t in the top layer in area C, where DDA and DDD also 
revealed high concentrations. DDM was detected with the highest concentration of 6600 mg/t in the 
bottom layer in area C; DBP revealed the highest concentration of 5300 mg/t in the top layer of area E. 
Between the single areas and their corresponding layers there is no clear trend of the metabolite 
distribution observable, the only noticeable result is the maximum concentration of DDA, DDD and 
DDMS in the top layer of area C and DDMS in the bottom layer of area C. This area is located in the 
middle of the investigated area, not directly in front of the effluent discharge. This can point to either a 
slow transport of contaminated sediment or to stronger incorporation processes of the contaminants at 
this location. 
 
Comparable data for DDA are barely observable. Schwarzbauer et al. (2003) reported similar 
investigations. Surface sediment samples (3, 10 and 15 cm) were investigated by alkaline hydrolysis 
and the obtained easily releasable fraction revealed DDA and DBP as the most abundant metabolites 
with maximum concentrations of 90 g/t and 18 g/t. In addition, DDM (max. 3.7 g/t), DDNU (2.9 g/t) and 
DDMU (2.2 g/t) were obtained. In this study, DDA reveals a maximum concentration of 650 g/t which 
is about seven times higher. The reason for these varying concentrations between both studies may 
be the different degradation procedure applied the different sediment type, the earlier sampling period 
and a different degree of contamination. The input seems to be uneven distributed.  
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 Fig. 2.4: Distribution of DDT-metabolites in the free available and easily releasable fraction of 
the sediments in the Teltow canal  
 
The sediment type may differ within the depth; therefore, the core samples may be enriched in humic 
acids compared to the surface samples of the former study which may have a higher sandy 
composition. The sampling time is important due to dredging activities which were performed in 1995 
to 1999 in the investigation area (Rauch, 2008) in order to remove the contaminated sediment. The 
formerly cited samples taken in 1997/1999 may consist of sediment of an undisturbed system in 
contrast to sediment sampled in 2006 due to the presence of very high contaminated sediment which 
was not removed by dredging at the sampling time. No core disturbance was obvious during sampling.  
 
Figure 2.4 compares the free available and easily releasable fractions. It is obvious that the 
distribution of metabolites differs considerably. The most distinctive compound of this study, DDA, is 
bound via ester bonds to the particulate matter in sediment confirmed by the release by hydrolysis 
reactions. The distribution pattern of DDD, DDMS and DDMU, representing the main metabolites in 
the free available fraction, can be found in smaller amounts in the easy releasable fraction. This was 
not expected due to the hydrolysis process performed and the breaking up of ester bonds by the 
experimental conditions. Only DDA can be interpreted as a product of ester bond breaking-up, the 
appearance of the non-polar metabolites may be due to a non-sufficient extraction of this highly 
contaminated sediment and following carry-over of compounds. 
2.3.3.3 Concentrations of hardly releasable DDA and precursor metabolites 
The hardly-releasable amounts were obtained by degradation of the saponified samples with two 
subsequent steps. First, boron tribromide treatment was performed to cleave ether and ester bonds 
(step 4), thereafter, oxidation treatment by KMnO4 or RuO4 was performed for covalent carbon bond 
cleavage (step 5). The hardly-releasable metabolites represent a long-time contamination depot for 
DDA due to the strong incorporation of the compounds into the particulate matter.  
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The BBr3-procedure indicated only low quantitative data; in most samples analysed no metabolites 
were detected. Area E revealed 1400 mg/t DDA in the top layer and 120 mg/t in the bottom layer. 
Further on, DBP (74 mg/t), DDM (34 mg/t) and DDNU (16 mg/t) were detected in the bottom layer. 
Area E is located directly in front of  the former industrial plant, the bottom layer reveals sediment of 
higher age as in the top layer, therefore, the metabolites are stronger incorporated in the deeper layer. 
Additionally, 76 mg/t DDD and 37 mg/t DDMS were detected in area B in the bottom layer. Further 
metabolites detected in area B are DDEt and DBP with amounts below the detection limit.  
The oxidation procedures performed in this study should release (or deliberate) metabolites bound to 
the particulate matter by a covalent carbon bond. Most of the samples were treated with KMnO4 
instead of RuO4 due to the easier and time-saving method (Quenea et al., 2005). Two samples were 
treated with both techniques for comparison. The compared samples revealed about 3900 mg/t DDA 
and a low amount of DDD (11 mg/t) after KMnO4 treatment, but after RuO4-treatment DDA and DDD 
were absent. This may be a hint to the more useful sediment treatment with KMnO4 for carbon bond 
cleavage and remains to be tested in more detailed. Further samples investigated by oxidation 
procedures revealed no quantitative data. 
 
Comparable data is reported in Schwarzbauer et al. (2003). The study was performed via the same 
degradation procedures but applied in a different sequence. The surface sediment samples (depth 3, 
10 and 15 cm) were taken in 1997 and 1999 and two subsequent degradation ways were performed: 
first: extraction + alkaline hydrolysis + BBr3-treatment; second: extraction + alkaline hydrolysis + RuO4-
treatment. Therefore, the results are not directly comparable but give an indication for differences 
between the successions of procedures applied. The results obtained from the first degradation way 
revealed maximum 34700 mg/t DDA and 40800 mg/t DBP. Further on, DDM (max. 640 mg/t) and 
DDMU (max. 60 mg/t) were detected. In the present study, about 1520 mg/t of DDA (sum of top and 
bottom layer) was obtained and DBP was not detected. The second degradation way revealed 
maximum 24100 mg/t DDA and 52900 mg/t DBP, additionally 9800 mg/t DDCN, 2400 mg/t DDM and 
1710 mg/t DDOH. In present study, no DBP was detected and DDA revealed maximum 
concentrations of 3900 mg/t. This may be one reason for lower concentrations obtained in this study; 
the second reason may be a lower incorporation of substances in the analysed sediment due to the 
different sediment composition influenced by the dredging processes. 
2.3.4 Calculation of the maximum DDA potential 
In this section, the obtained maximum concentrations of DDT and its metabolites are connected with 
the sediment mass in the single sediment areas. Thereby, the maximum amounts of the contaminants 
for each sediment area are demonstrated and, finally, the total amount of the DDA potential was 
calculated. The calculation was performed with the data of precursor metabolites and the obtained 
DDA concentrations. The results can be divided in free available and easily releasable DDA-amounts 
and the long-term risk presented by the precursor metabolites.  
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Tab. 2.4: Calculated free-available amounts (extractable) 
Data in [g]/t sediment mass (sum of o,p’- and p,p’- isomers) 
area mass [t] layer DDT DDD DDE DDMS DDMU DDNU DDEt DDA DDCN DDM DBP 
              
128.8 top 72 1900 60 2500 910 90 45 n.d. 200 n.d. 42  
A 56.3 bottom n.d. 10000 9 2900 36 2 n.d. n.d. 8 n.d. n.d. 
              
45.4 top 12 1900 8 1600 20 5 7 2 63 1 34  
B 76.9 bottom n.d. 150 2 54 16 n.d. 1 n.d. 1 n.d. n.d. 
              
20.3 top n.d. 430 6 200 16 2 2 n.d. 47 n.d. 34  
C 25.9 bottom n.d. 2900 4 480 14 3 3 n.d. 1 1 8 
              
39.0 top 6 330 4 160 18 2 3 52 8 1 1  
D 23.6 bottom 14 700 9 400 36 2 4 12 n.d. 2 n.d. 
              
106.4 top 25 1200 470 1200 60 670 140 5 150 64 430  
E 18.5 bottom 12 530 6 370 290 6 5 n.d. 16 2 23 
                            
 541 t total 141 20040 578 9864 1416 782 210 71 494 71 572 
 
 
Tab. 2.5: Calculated easily releasable amounts (non-extractable) 
Data in [g]/sediment mass, (sum of o,p’- and p,p’- isomers) 
area mass [t] layer DDT DDD DDE DDMS DDMU DDNU DDEt DDA DDCN DDM DBP 
              
128.8 top n.d. 530 29 260 77 18 n.d. 220 22 35 130  
A 56.3 bottom n.d. 110 8 54 14 5 n.d. 2000 2 7 19 
              
45.4 top n.d. 42 3 100 3 3 2 1900 7 37 45  
B 76.9 bottom n.d. 1 n.d. 3 n.d. 1 n.d. 47 n.d. 1 1 
              
20.3 top n.d. 520 12 240 3 n.d. 14 13000 24 46 68  
C 25.9 bottom n.d. 190 11 23 65 67 5 2800 2 170 36 
              
39.0 top n.d. 38 2 17 7 16 n.d. 12 3 24 9  
D 23.6 bottom n.d. 33 n.d. 16 n.d. n.d. n.d. n.d. 5 n.d. 8 
              
106.4 top n.d. 4000 140 190 210 93 n.d. 1600 220 97 560  
E 18.5 bottom n.d. 110 2 43 7 11 3 510 23 17 17 
                            
 541 t total n.d. 5574 207 946 386 214 24 22089 308 434 893 
 
2.3.4.1 Calculation of the individual amounts of DDA and precursor metabolites 
Table 2.4 shows the directly available amounts of precursor metabolites DDT to DDEt, DDA and final 
metabolites DDCN to DBP, calculated via sediment extraction (step 1). The amount of the calculated 
maximum DDA contamination range is obtained by multiplication of the maximum obtained 
concentrations (see Tab. 2.2) for each sediment area of each horizon. The amount of the labile-bond 
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fraction is directly available (in case of DDA) or can be obtained through microbiological degradation 
of precursor metabolites (DDT to DDEt) to DDA. In total, a maximum contamination range of about 
33 kg precursor metabolites and 71 g DDA in 541.1 t sediment is obtained. The fractions of easily 
releasable amounts (Tab. 2.5) are obtained from the acid and alkaline hydrolysis (step 2 and 3, see 
concentrations in Tab. 2.3). The data of both steps were added for representing the total easily 
releasable amounts. The calculation was performed again by multiplication of the maximum 
concentrations with the sediment mass in the respective subarea. In total, a contamination range of 
7.4 kg precursor metabolites and about 22.2 kg DDA in 541 t sediment is obtained. 
2.3.4.2 Calculation of the total maximum DDA contamination range  
For the calculation of the total contamination range of DDA and its precursor metabolites in the 
investigated sediment area the hardly releasable amounts of step 4 and 5 are not included due to their 
low appearance. The total DDA contamination range is calculated by the obtained directly available 
and easily releasable amounts of DDA and precursor metabolites. In Table 2.6, the obtained results 
are presented. The highest amount of DDA can be obtained by microbial transformation of directly 
available precursor metabolites (33 kg/541t). In contrast, the directly available amount of DDA is very 
low (71 g/541t). The amount of DDA which can be released by hydrolysis reaction is in the range of 22 
kg/541t sediment. Another important point is the amount of DDA obtained by remobilisation of easily 
releasable amounts of precursor metabolites (about 7.4 kg). Finally, a total maximum DDA 
contamination potential of approx. 63 kg in 541 t sediment of the Teltow canal has been determined.  
 
Tab. 2.6: Total maximum contamination range of DDA formation (rounded) 
 
fraction DDX [g] DDA [g] total [g] 
free available 33000 71 33071 
easily releasable 7400 22100 29500 
total 40400 22171 62571 
 
The tart diagram (Fig. 2.5) additionally points out the distribution of the DDA contamination potential in 
541 t Teltow canal sediment. Important is the consideration of the free available precursor metabolites 
which demonstrate about 53% of the total amount and can form DDA by degradation processes. In 
addition, the DDA easily released by hydrolysis, exhibits more than one third of the total amount. 
Therefore, it is not sufficient to analyse for the extractable metabolites only. Due to the amount of 63 
kg DDA in maximum to be expected, poses a severe risk for the aquatic environment.  
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Fig. 2.5: Distribution of DDA and precursor metabolites in the sediment of the Teltow canal 
2.4 Conclusion and Outlook 
This study offers for the first time a calculation of an industrial decade-lasting contamination by DDT 
for decades with regard to the contamination risk by the polar metabolite DDA. In literature, DDA has 
been widely neglected; most of the studies focus on the main DDT metabolites like DDD, DDE, and 
DDMU, partially. Especially the metabolites with increased water solubility represent a risk for the 
aquatic environment due to their bioaccumulation potential and the transport into the groundwater. 
 
The calculation of the maximum sedimentary DDA contamination potential of an industrial (persistent 
pollution) point source revealed an environmental risk by free and releasable contaminants. For 
estimation of the total available amount, the two aspects of transformation processes and 
incorporation have to be considered. The maximum calculated amount of 63 kg ? DDA consists of free 
available precursor metabolites and easy releasable sedimentary DDA. Non-polar precursor 
metabolites can form further water-soluble metabolites by transformation reactions. This poses an 
additional contamination risk often not considered in most studies focusing on the main metabolites. 
The total contamination potential is underestimated. The incorporation of sedimentary pollutants has 
been investigated as well less in most studies. Both the extractable and the bound residues 
demonstrate a contamination risk for the aquatic environment. By remobilisation reactions the 
incorporated compounds can be released, therefore, sedimentary contamination should be 
investigated in this regard as well.  
Summing up all studies performed at the Teltow canal, especially this actual study with regard to 
sedimentary contamination shows no relevant decrease in the concentrations obtained from 
investigations performed over a few years. The removal of a huge sediment mass in the 1990ies was 
incomplete and leaving a contamination potential for the aquatic environment. The distribution of the 
analysed metabolites is comparable. This study gives a new glance of the contamination with regard 
to water pollution by the polar metabolite DDA and confirmed and enhanced existent data from this 
sampling location. Data from surface samples in former sampling times were compared to sediment 
cores with a greater depth and after dredging activities.  
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Outlook. Dredging is the most common sediment remedial action but often suffers from technical 
limitations like incomplete removal (like in this case), unfavourable site conditions, sediment 
resuspension and sediment disposal. The question how to treat the remaining contaminated sediment 
is still open. One possibility suggested in literature is the process of ‘natural attenuation’ (Heidrich et 
al., 2004; Lee et al., 2003), but this is very time consuming and with regard to the planned drinking 
water production in the next years not applicable at this sampling location. In addition, a time trend 
monitoring performed at the same site study revealed no observed attenuation effect (Heim et al., 
2005). A new approach has been made with addition of activated carbon to DDT contaminated 
sediment (Tomaszewski et al., 2008) which reduces the DDT availability for biota. In addition, further 
studies support the method of treating contaminated sediment with activated carbon (Tomaszewski et 
al., 2007; Cho et al., 2007; Foo et al., 2010).  
A further method mentioned in literature is the ultrasonic destruction. Kinetic destruction by ultrasonic 
treatment of pesticides in slurries has been investigated as new method approach. Substances were 
deposited onto the sand and sonicated. Results showed high percentages of pesticide destruction. 
This method for remove of pollution is limited by the mass of sediment and by possible metabolite 
formation (Collings et al., 2010). Another approach for the removal of DDT from aqueous media has 
been made by the magnetic separation of Fe3O4 nanocrystals (Tian et al., 2009) which should offer a 
high adsorption capacity and fast adsorption rate for DDT. 
With regard to the planned recommissioning of the drinking water plant in the next years, a fast 
applicable sediment treatment method or the combination of two or more remediation methods has to 
be developed. At the actual state, a drinking water production at this location cannot be recommended 
due to the expectable DDA input into the groundwater due to the sediment contamination. 
 
Additional item. A best-case scenario has been calculated using the minimal observed data (see 
appendix). The minimal expectable DDA potential amounts 3.9 kg in 541 t sediment. Thereof, the free 
available DDX amounts 61.5%, the easily releasable DDX 10.3% and the easily releasable DDA 
reveals 28.2% of the total amount. 
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3  Transport behaviour of DDA in aquifers 
Abstract. The actual contamination state considering DDT (2,2-Bis(chlorophenyl)-1,1,1-trichlorethane) 
and metabolites (extractable and non-extractable) for 541 t Teltow canal sediment has been 
calculated to amount 63 kg in total (chapter 2). Under dynamic conditions induced by shipping 
activities or dredging, the pollutants can be remobilised from the sediment and transported in the 
water phase. Particularly the polar metabolite DDA (2,2-Bis(chlorophenyl)acetic acid) reveals 
significant higher water solubility than the unpolar metabolites. Two experimental approaches 
investigated the release of sedimentary DDA into the river water and the retention of the released 
DDA in soil. The results show a high release potential of sedimentary DDA which is bound to the 
organic matter by ester bonds. The soil reveals only a low retardation for water-borne DDA, thus, a 
contamination of groundwater with DDA is evident. These investigations indicate the necessity to 
consider DDA as a water pollutant which has been neglected in literature widely. 
3.1 Introduction 
Contamination of environmental compartments with persistent organic pollutants (POPs) due to their 
bioaccumulation, their transformation potential and their toxic effects are well investigated and 
reported in literature (Bizzotto et al., 2009; Holoubeck et al., 2009; Wie et al., 2007; Chau et al., 2005). 
The parent xenobiotics and metabolites often reveal significant lipophile structures, consequently, 
such compounds are associated with a significant potential for bioaccumulation and environmental 
persistence. The unpolar organic compounds are often bound to sedimentary organic matter and, 
consecutively, they are deposited with sediment. Furthermore, unpolar metabolites can associate with 
colloids and can reach remote places. However, the more polar degradation products offer a risk for 
the environment due to their enhanced water solubility. By remobilisation processes they can be 
released from particulate associations into the aquatic environment (Eggleton et al., 2004; Iden et al., 
2008). Especially the groundwater is a value resource which has to be protected. 
 
Halogenated xenobiotics like polychlorinated biphenyls (PCBs) as well as organochlorine pesticides 
(OCPs) reveal a significant risk for the environment due to their high structural stability and the 
resulting slow degradation. The Stockholm convention in 2001 targeted on 12 compounds (“dirty 
dozen”) and since 2009 on nine additional compounds whose application should be banned worldwide 
(Stockholm Convention; El-Shahawi et al., 2010). One of these compounds is the pesticide DDT which 
is still allowed for the control of vector diseases like malaria. For 2017, the DDT production is planned 
to be stopped and alternatives should be developed. In 2020, the production and use of DDT for 
disease and vector control should be eliminated (Stockholm Convention, 2010, DDT overview). The 
environmental occurrence of DDT is well reported. Environmental pollution due to the wide application 
in the past has been studied worldwide (Boscher et al., 2010; Zheng et al., 2010, Bozlaker et al., 
2009). The studies often focussed on the unpolar main metabolites like DDD (2,2-Bis(chlorophenyl)-
1,1-dichlorethane), DDE (2,2-Bis(chlorophenyl)-1,1-dichloroethene), DDMS (2,2-Bis(chlorophenyl)-1-
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chloroethane) and DDMU (2,2-Bis(chlorophenyl)-1-chloroethene). The more polar metabolites were 
neglected widely, particularly the metabolite DDA. Due to its carboxylic group and the associated 
higher water solubility it exposes a risk to the aquatic environment. As investigated by another study 
(see chapter 2), sedimentary DDA can be remobilised by hydrolysis reaction due to its incorporation 
into sedimentary organic matter (SOM) by ester bonds. In addition, this metabolite represents a 
contamination risk for drinking water gained by bank filtration in the investigation area next to the 
former industrial plant. The remobilisation of sedimentary contaminants or the release of bound 
residues is often focussed on heavy metals or trace metals in literature (Monbet et al., 2008; Perez et 
al., 2008). Investigations of radionuclides (Strandring et al., 2002) and colloidal sorption (Ren et al., 
2004) are reported as well.  
 
Referring to the contamination with DDT and metabolites the area of the Teltow canal has been well 
investigated in the last years (Kronimus et al., 2006; Heim et al., 2005; Schwarzbauer et al., 2003; 
Schulze et al., 2003; Heberer et al., 1999). The actual state of the longstanding industrially affected 
pollution has been calculated recently (see chapter 2). The maximum sedimentary contamination 
potential was calculated as high as 63 kg DDT metabolites in 541 t sediment mass. About 40.4 kg of 
these pollutants are presented by unpolar precursor metabolites of DDA, mainly DDD and DDMS. The 
remaining 22.2 kg constitute of DDA easily releasable by hydrolysis processes. Therefore, it is 
important to consider the transport behaviour of DDA in the aquatic environment with respect to the 
planned drinking water production by bank filtration next to the sampling site.  
 
The calculation of the maximum contamination potential in the Teltow canal sediments implifies static 
conditions; however, the pollutants can be remobilised and undergo further transport through the 
water phase, especially the polar metabolite DDA. The main issue at this interest is how easy and how 
fast DDA can reach the groundwater under dynamic conditions, implying water flow, DDA 
incorporation, sorption, remobilisation as well as colloidal and dissolved transport. Therefore, two 
experimental approaches considered the transport behaviour from DDA throughout the sediments and 
within the passage via soil into the saturated groundwater area.  
3.2 Materials and methods 
3.2.1 Sampling 
One sediment sample from the Teltow canal was investigated for the remobilisation experiment. It was 
taken in 1999 using a tube coring system according to Schulze and Ricking (2007). The retention 
experiment analysed a soil sample from the infiltration area of the drinking water plant at the Teltow 
canal from 4.5-5.0 m depth which was taken in 2006. The samples were freeze-dried and stored at 
4°C in the dark. 
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3.2.2 Chemicals and reagents 
All chemicals, reagents and solvents were purchased from Sigma Aldrich (Taufkirchen, Germany), 
Merck (Darmstadt, Germany) and Roth (Karlsruhe, Germany). Solvents were distilled and purity was 
checked by gas chromatography. All glass materials were precleaned with acetone and n-hexane. 
3.2.3 Experimental approaches 
3.2.3.1 Remobilisation of sedimentary DDA 
For the remobilisation of sedimentary DDA into water, a sample of 100 g wet contaminated sediment 
was stirred with 400 mL supply water. The sediment and water volume equates to 20.2 g dry sediment 
in 480 mL water. Two experimental approaches were conducted: 1. anoxic conditions and 2. oxic 
conditions by addition of 100 mg ascorbic acid for oxygen reduction. Water sampling was performed in 
triplicate after 1, 7 and 42 days, respectively. The extracts were fractionated sequent on silica gel 
micro columns and these were eluted with 5 mL methanol. For quantitative determination, 100 ?L of 
an internal standard solution containing decafluorobenzene (18 ng/µL) was added. The sampling 
volume was reduced under nitrogen stream to 50 ?L. 
3.2.3.2 Retention of water-borne DDA in soil 
The retention experiment was performed using an uncontaminated soil sample. About 1480 g of wet 
soil were filled into a lysimeter column and 20 mL water was replenished. The soil was spiked with 
5 ?g DDA (absolute). The height of the column filling was up to 19 cm, the volume about 720 cm³. The 
soil sample was eluted with water at a flow rate of 60-70 mL/h in order to simulate a natural flow rate 
of 0.5 – 1.0 m/d. Sampling of the collected water was performed once per day. The extracts were 
fractionated sequent on silica gel micro columns. These were eluted with 5 mL methanol and to each 
elution 100 ?L of an internal standard was added containing decafluorobenzene (18 ng/µL). The 
samples were volume reduced under nitrogen steam to 100 ?L. 
3.2.4 Gas Chromatography – Mass Spectrometry (GC-MS) 
3.2.4.1 Analysis by GC-FID 
Gas chromatographic analysis were performed with a Carlo Erba Mega Series GC 6000 fitted with a 
30 m x 0.25 mm fused-silica capillary column ZB-5 (Phenomenex, Aschaffenburg, Germany) with 0.25 
?m film thickness. Carrier gas was hydrogen (purity 99,999%) flowing at a velocity of 45 cm/s. The 
oven temperature was held at 60°C for 3 min, then programmed at 5°C/min to 310°C, which was held 
for 15 min. Injection of 1 ?L sample aliquot was performed via a hot split/splitless injector at 270°C 
applying a splitless time of 60 sec. The detector temperature (FID) was set to 310°C. 
3.2.4.2 Analysis by GC-MS 
Gas chromatographic mass spectrometric measurements were performed using a Carlo Erba Mega 
Series GC 5160 fitted with a 30m x 0.25 mm x 0.25 ?m capillary column (ZB-5, Phenomenex, 
Aschaffenburg, Germany) linked to a Thermoquest Trace Quadrupole-MS. Carrier gas was helium 
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(purity 99.999%) set to a velocity of 36 cm/s. The oven temperature was held at 60°C for 3 min, then 
programmed at 5°C/min to 180°C and then programmed at 3°C/min to 310°C and held for 15 min. The 
sample volume was 1 ?L using hot splitless injection applying a splitless time of 60 sec. The mass 
spectrometer operated in Ei+ full scan mode (70 eV) scanning from 35 to 740 m/z with a scan time of 
0.5 s. Source temperature was set to 250°C and interface temperature to 200°C. 
Identification and quantification of compounds was based on comparison of gas chromatographic and 
mass spectrometric properties of detected substances with those of reference material. An external 
five-point-calibration, generated from a mixture of reference compounds, was used for quantification.. 
The detection limit was about 0.3 ng/g, no attempt was made to quantify compounds at concentrations 
lower than 1 ng/g. 
3.3 Results and discussion 
The results of the experiments described above should reveal indications on the dynamic behaviour of 
DDA in multiple environmental compartments, particularly in the aquifer, which has been neglected in 
literature so far. The release of sedimentary DDA into water reveals an environmental risk for the 
aquatic environment. Transport of water-borne DDA through the soil into the aquifer is a the decisive 
factor for a possible groundwater contamination which is important to consider due to the intended 
drinking water production nearby the investigated area.  
Pre-tests with a small column were conducted to evaluate the permeability of the organic silt layer of 
the Teltow canal sediments to the aquifer below (Fig. 3.1, crossed arrow). A column of 2.5 m sediment 
thickness was simulated which did not reveal any significant water permeability under the 
experimental conditions applied. Therefore, the transport of DDA from the sediment throughout the 
soil into the groundwater (crossed arrow) is negligible due to the low permeability of the sediment 
layer. All presented data values are rounded of 10%. 
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Fig.  3.1: Transfer pathways of sedimentary DDA into the water phase 
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3.3.1 Release of the sedimentary associated DDA 
The first experiment (Fig. 3.1, arrow I) studied the release behaviour of sedimentary DDA into the river 
water under dynamic conditions, which can be given due to shipping activities or dredging. The total 
concentrations obtained were 8900 ng/?L (oxic) and 11400 ng/?L DDA (anoxic), an average value of 
10150 ng/?L DDA can be assumed. There is no significant difference between the present 
redoxpotentials observable; both values for oxic and anoxic treatment reveal a deviation of approx. 
12% from the average value. Under anaerobic and aerobic conditions, the maximum DDA 
concentration was released after the first day. Further on, after 7 and 42 days, only less amounts of 
DDA were released. After seven days, the amount of 31 ng/?L DDA under anoxic conditions 
represents the minimal received amount, after 42 days about 130 ng/?L DDA were released again. 
Under oxic conditions, the amount of the released DDA decreases from 390 ng/?L to 250 ng/?L. This 
experimental results demonstrate a fast release behaviour of sedimentary DDA into the water phase. 
Therefore, it must be assumed that under dynamic conditions, DDA is released by hydrolysis 
processes implying redox-independent ester bond cleavage.  
 
Previous studies described the release of chlorinated hydrocarbons from contaminated sediment by a 
diffusion model. Booij et al. (1992) obtained very high diffusion coefficient, 40 times higher than the 
estimated molecular diffusion coefficient which may be due to the pore water irrigation by a secondary 
flow in the microcosm. A further study investigated the remobilisation of heavy metals and organic 
chemicals like DDTs in anoxic sediment of the Mulde river (Zoumis et al., 2001). They focussed on 
sediment capping as an remediation method with basic functions like physical isolation, sediment 
stabilisation and chemical isolation. They calculated diffusion of p,p’-DDT, p,p’-DDD and p,p’-DDE by 
modelling but received no remarkable changes. For more detailed information about the remobilisation 
of sedimentary DDA, further investigations have to be carried out. 
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Fig. 3.2: Remobilisation of DDA from sediment under oxic and anoxic conditions 
(concentrations given in ng/?L) 
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3.3.2 Retention of the water-borne DDA in soil 
The second experiment refers to the second transfer way (Fig. 3.1, arrow II) from water-borne DDA 
throughout the soil in the infiltration area of the drinking water plant into the aquifer. By a retardation of 
DDA in the soil, a decreasing contamination risk for groundwater could be obtained. Therefore, by the 
conducted experiment, the retardation of water-borne DDA in soil should be studied. The investigated 
soil sample was spiked with 5 ?g DDA absolute. The first extracted water from this leaching test with a 
volume of 960 mL contained the highest amount of DDA (2.3 ?g absolute).  
This leads to the obvious conclusion that the retention in the soil of the infiltration area is very low, 
more than two third of the spiked DDA were leaching very fast. The total recovery of DDA amounts 
63% (3.2 ?g) in this experimental approach. Values measured at later stages of the experiment were 
all below 20% (sum 0.9 ?L) of the obtained DDA amount and after a water volume of 3000 mL has 
been leached no DDA was detected anymore. Therefore, none or only minor adsorption processes 
occur in soil reducing the DDA concentration in the leaching water. This implies a significant 
contamination risk for the groundwater in the infiltration area of the drinking water plant. 
 
In the literature, soil water retention curves are reported in modelling studies (Pires et al., 2005; Basile 
et al., 1997; Schrugers et al., 2006; Lipiec et al., 2007). Further on, the treatment of contaminated soil 
by cationic surfactants is investigated resulting in an enhancing retention of PAHs in soil subsequently 
being accumulated in plants (Lu et al., 2009). Liang et al. (2002) and Xu et al. (2002) investigated a 
column chromatographic method for investigating the retention of hydrophobic organic chemicals. To 
gain more detailed information of the retention of DDA in soil similar experiments have to be carried 
out within the scope of the prospect research projects. 
The results of these two experiments describe first information about the transport of DDA under 
dynamic conditions. For pesticides, in Germany a limit value of 0.5 ?g/L for the sum of all obtained 
pesticides in water and a limit value of 0.1 ?g/L for one single pesticide is instructed (German drinking 
water directive, 2001). The concentrations revealed in this study and the fast release of DDA into the 
river water suggest a high environmental risk when exceeding the concentrations limits in the 
groundwater gained by bank filtration. Further investigations on contaminated sediment from the 
Teltow canal could be carried out e.g. under consideration of pore water DDA concentrations and DDA 
concentrations of dried sediment in order to gain more detailed information.  
In addition to limit concentrations for pesticides, there are directives and guidelines for the protection 
of environmental water resources. The EG water framework directive came into effect in December 
2000. It intents the protection and improvement of aquatic ecosystems and the groundwater and 
should offer a holistic consideration of the water resources in ecological view. 
Further on, the discharge and release of priority pollutants shall be reduced. Environmental goal is the 
achievement of a “good ecologic state” in 2015. For significant affected waters a good ecologic 
potential and a good chemical state should be achieved. Groundwater should offer a good quantitative 
and chemical state in 2015 and contaminations shall be limited. One directive which was renewed is 
the groundwater directive which came into effect in January 2007. It aims a qualitative “good state” on 
the basis of limit values. 
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Fig. 3.3: Elution of DDA throughout uncontaminated soil (concentrations given in ng absolute) 
 
Under consideration of these guidelines, a good state of the groundwater in the investigated area 
should be targeted. This is only possible by elimination of the DDA contamination source; however, 
removal of the sediment body would result in the quick remobilisation of DDA. 
3.4 Conclusion 
The results of the two release and retention experiments offer a first estimation of the environmental 
behaviour of DDA. The high release potential of contaminated sediment and a low observed retention 
in soil for DDA show that contamination of infiltration groundwater is eligible. Assuming dynamic 
conditions, e.g. remediation by dredging, DDA would be released immediately and in high amounts. 
The follow-up problem would be the removal of DDA from water. Generally, these two experimental 
approaches are not sufficient to estimate the environmental transport behaviour of DDA, therefore, 
further more detailed experiments should be carried out. Adsorption possibilities for the released DDA 
could be investigated, e.g. PCBs can be bound by activated coal (Werner et al., 2005). Additionally, 
further studies can be performed in order to measure or model release rates. Diffusion experiments or 
similar approaches focussing the release of sedimentary DDA can reveal detailed information on the 
diffusion processes and have to be carried out in the future. In literature, e.g. the use of zeolithes for 
incorporation is mentioned (Jacobs et al., 1999). Further sediment remediation possibilities were 
already discussed in chapter 1.  
 
 
 
4 Stable carbon isotope analysis of DDT-metabolites in industrially contaminated groundwater and river 
sediments 
 
  
35 
4  Stable carbon isotope analysis of DDT-metabolites in industrially 
contaminated groundwater and river sediments 
Abstract. Chemical and stable carbon isotope analysis of DDT (1,1,1-Trichloro-2,2-bis(4-
chlorophenyl)ethane) metabolites in groundwater as well as surface water and sediments of the 
Teltow Canal, all affected by a former industrial site, revealed a detailed insight into the fate of the 
DDT contamination and its relationship to water contamination by the polar metabolite DDA. Special 
focus lay on a second groundwater area (approx. 10 km off) contaminated by DDA (2,2-Bis(4-
chlorophenyl)acetic acid). Carbon isotope ratios of DDA in both groundwater systems excluded a 
direct contamination of the distant aquifer by industrial discharge and pointed to an infiltration from 
surface water as an alternative emission pathway. ?13C-values of sedimentary bound DDA supported 
the assumption of surface water infiltration contaminated via remobilisation from polluted sedimentary 
matter as major DDA emission source. However, the stable carbon isotope analysis of sediment 
bound DDT metabolites did not clarify completely the generation pathway of water associated DDA. 
In summary, this study revealed a complex DDT contamination pathway via industrial effluents, 
subsequent geoaccumulation of non-polar DDT residues, microbial transformation to more polar 
metabolites, formation of non extractable residues and, subsequently, the remobilisation of DDA to the 
water phase and infiltration of groundwater by surface water is evident. Generally, this study followed 
the approach to investigate a complex contamination in different environmental compartments 
considering bound and extractable fractions and by applying chemical and isotope analysis to reveal a 
more detailed insight into the fate of extensive contaminations. At last, to our knowledge this is the first 
report on stable carbon isotope values of DDT metabolites in the aquatic environment.  
4.1 Introduction 
The assessment of biodegradation in contaminated compartments has become an issue of increasing 
importance in the last decades because the environmental impact of longstanding pollution can be 
extensive, in particular in groundwater (Griebler et al., 2004; Hunkeler et al., 2005). Beside persistent 
organic pollutants also metabolites of semi-stable substances can contribute to harmful effects and, 
therefore, should be considered in environmental studies on aquifers. In the past 15 years compound 
specific isotope analysis (CSIA) has developed into an important method for the investigation of 
biodegradation of organic contaminants. Studies using CSIA as tool for monitoring the environmental 
fate of organic pollutants focussed dominantly on stable carbon isotopes (13C/12C) but also stable 
hydrogen (H/D) and to a minor extend stable nitrogen (15N/14N), chlorine (37C/35C) and oxygen 
(18O/16O) isotope ratios have been analysed (Holmstrand et al., 2007; Hofstetter et al., 2007; Drenzek 
et al., 2002 and Lichtfouse et al., 1995). 
Basically, biodegradation processes are followed by isotopic shifts towards heavier isotope ratios in 
the residues as a result of preferred incorporation of the lighter 12C-isotopes by microorganisms due to 
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the kinetic isotope effect. However, the isotope fractionation can provide information not only on 
transformation processes but to a minor extend also on transfer processes and, consequently, it is 
used to follow the fate and the distribution of organic contaminants in the environment. Finally, in the 
case of contamination by multiple sources CSIA can be used to differentiate the individual emission 
sources by their specific isotope signature, the so-called 'isotopic fingerprint'. 
Compound specific isotope analyses in groundwater have been performed particularly on 
contamination by benzene and its alkylated derivatives (BTEX) or by low volatile halogenated 
pollutants as tetrachloroethylene (PER). However, isotope analysis of halogenated aromatics have 
been reported only sporadically (Vinzelberg et al., 2005), although the persistence of this group of 
contaminants is well known. 
The pesticide DDT belongs to this group of persistence organic pollutants (POPs). It has been 
analysed and monitored not only in soils but also in the hydrosphere over decades. Hence the 
knowledge on DDT, its metabolism and the environmental distribution and accumulation are very well 
known. Nevertheless, compound specific isotope analysis to follow the fate of DDT and its metabolites 
in the environment are scarce. E.g. Yu et al. (2008) studied the carbon isotope effects in carrots during 
digestion processes and Holmstrand et al. (2007) used the chlorine isotope ratios of DDT to examine 
bioaccumulation. Already in 1996 Jarman et al. studied the DDT contamination level in food web 
organisms considering the stable carbon isotope fractionation. Finally, a biogeochemical study used 
14C-DDT values to estimate the degradation rate in the marine environment (Kale et al., 1999). 
A former industrial site next to the Teltow canal in Berlin (Germany) is known to be highly 
contaminated with DDT residues comprising a wide range of DDT metabolites as the result of 
uncontrolled discharge of waste effluents in the past. The contamination has been affected not only 
the soil and the corresponding aquifer but also for the canal water and sediments a huge pollution by 
DDT residues has been detected. For the particulate aquatic material a contamination by the more 
lipophile metabolites is evident (Schwarzbauer et al., 2003), whereas a significant contamination of the 
river water by the acidic and thus more polar metabolite DDA was reported (Heberer et al., 1999). 
However, DDA was also reported to contribute enormously to the non-extractable fraction of bound 
DDT residues in the aquatic sediments (Schwarzbauer et al., 2003). Further on, high concentrations of 
DDA (up to 180 mg/L) were detected in a groundwater plume below the industrial site even though the 
DDT production was abandoned approx. 20 years ago (Frische et al.,2010). 
However, the initial emission pathways of DDA and its further environmental fate, in particular, in the 
hydrosphere at this area remain unclear. Therefore, we applied stable carbon isotope analysis to 
obtain further information on the environmental behaviour of DDA at the interfaces of river water and 
sediments as well as groundwater. 
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4.2 Materials and methods 
4.2.1 Sampling  
Sediment and water samples were taken in March 2007 from the Teltow Canal in Germany directly 
located at the former industrial plant. Sediment samples were taken by an Eijelkamp gravity corer with 
liner system and were stored at 4°C prior to analysis. Groundwater samples were collected from a 
corresponding industrial plume in 2006 and 2007 using monitoring and remediation wells. Further on, 
a second set of groundwater samples were obtained from a region at a distance of approx. 10 km from 
the industrial site. Noteworthy, this aquifer is not only connected to a drinking water treatment plant but 
represents also an infiltration area of the Teltow Canal. 
4.2.2 Sample treatment 
Extraction of the sediment samples was carried out sequentially with acetone and hexane according to 
Schwarzbauer et al. (2000). Following, the extracted sediment residues were subjected to an acid and 
alkaline hydrolysis procedure to release hydrolysable bound substances. Details of this procedure 
have been formerly reported by Schwarzbauer et al. (2003) and in chapter 2. 
The water samples (approx. 500 to 1000mL) were extracted with n-pentane, dichloromethane and 
dichloromethane after acidifying to pH 2 by liquid/liquid extraction according to Schwarzbauer and 
Heim (2004). To all extracts an internal standard solution of d34-hexadecane (15 ng/?L) and 
decafluorobenzophenon (30 ng/?L) was added prior to GC and GC/MS analysis. 
All chemicals and reagents were purchased from Sigma-Aldrich (Taufkirchen, Germany). All glass 
ware was precleaned intensively with acetone and hexane. 
4.2.3 GC-MS and GC-irmMS analysis 
Gas chromatographic-mass spectrometric measurements were performed on a Mega Series GC 5160 
(Carlo Erba, Milano, Italy) fitted with a 30m x 0.25 mm x 0.25 ?m ZB-5  fused silica capillary column 
(Phenomenex, Aschaffenburg, Germany) linked to a Trace quadrupole mass spectrometer 
(Thermoquest, Heilbronn, Germany). Carrier gas was helium (purity 99.999%) set to a velocity of 36 
cm/s. The oven temperature was held at 60°C for 3 min, then programmed at 5°C/min to 180°C and 
then programmed at 3°C/min to 310°C and held for 15 min. The sample volume was 1 ?L using hot 
split less injection with a splitless time of 60 sec. The mass spectrometer was operated in EI+ full scan 
mode (70 eV) scanning from 35 to 740 m/z with a scan time of 0.5 s. Source temperature was set to 
200°C and interface temperature to 250°C. Quantitative data were obtained by integration of specific 
ion chromatograms. External five point calibration was carried out using standard reference material. 
The limit of quantification for water samples was in the range of 0.02 ?g/L, no attempts were made to 
quantify components below 0.05 ?g/L. For sediment analysis a limit of quantification was observed in 
the range of 20 ng/g but no attempts were made to quantify below 100 ng/g. 
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GC-irmMS analyses were carried out using a Delta Plus XL mass spectrometer (Thermo Finnigan, 
Bremen, Germany) equipped with a GCC III combustion interface and linked to a 6980A gas 
chromatograph (Agilent, Waldbronn, Germany). Analyses were carried out with a ZB-5ms fused silica 
capillary column (Phenomenex, Aschaffenburg, Germany; dimensions: 60m length x 0.25 mm ID x 
0.25 ?m df). Gas chromatic conditions were 3 min isothermal time at 80°C, heated with 3°C/min to 
300°C, split/split less injector heated at 270°C and 60 s split less time. Helium carrier gas velocity was 
35 cm/s. Oxidation of eluting analytes was carried out at 960°C, facilitated by a CuO/NiO/Pt-catalyst. 
Isotope measurements were performed at least in triplicate. For calibration of the carbon isotope 
reference gas (carbon dioxide), a reference standard containing the n-tetradecane, n-pentadecane 
and n-eicosane was used. All data are expressed relative to the VPDB (Vienna Pee Dee Belemnite) 
standard. 
For isotope analysis of the polar compound DDA, derivatisation using diazomethane was applied prior 
to GC/MS and GC/irmMS analysis to transform its carboxylic group into a methyl ester group. Since 
methylation introduced a further carbon atom, the isotopic values determined for DDA methyl ester 
were corrected by mass balance according to Hammer et al., 1998: 
 
? ?
???
?
???
? ???
????
??
n
CCnC meDDAmeDDA
??? *1
  n= number of carbon atoms in underivatised substance 
 
Comparison of isotope ratios of derivatised and underivatised reference material revealed the isotope 
value of the attached methyl group. This value was used for isotope shift calculation and correction.  
4.3 Results and discussion 
Aim of this study was to follow the DDT related contamination in the vicinity of an industrial site 
formerly producing DDT at high quantities. A special focus lay on the fate and emission pathways of 
the water soluble metabolite DDA. For this purposes (i) groundwater directly from an aquifer beneath 
the production site (ii) surface water and sedimentary material from a canal system to which industrial 
waste has been discharged, as well as (iii) groundwater from an area approx. 10 km distant from the 
industrial site which is known to be infiltrated by canal water, have been investigated for DDT 
metabolites. The relationship of particular-associated DDT-metabolites to DDA in the surface and 
groundwaters has been investigated not only by quantitative data but also by compound specific 
stable carbon isotope analysis. All data obtained are summarized in Tab. 1 and will be discussed in 
detail in the following. 
 
Principally, the detection of stable carbon isotope ratios of halogenated contaminants in natural 
samples at low concentration values and in complex mixtures represents a difficult task. This is 
dominantly related to three general restrictions. From an analytical point of view two requirements 
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have to be fulfilled for a successful compound specific isotope analysis. On the one hand the 
sensitivity, which correlates strongly with the amount of relevant atoms within the molecule, is lower as 
compared to classical GC/MS analysis. Generally, total absolute amounts higher than 10 ng of C are 
necessary for sufficient isotope values (Meier-Augenstein, 1999; Schwarzbauer et al., 2005). 
Additionally, the lower the total amount the lower is the reproducibility. This restriction avoided to 
receive reliable values for the surface water and some groundwater samples, in which the total 
amount of DDA was too low. On the other hand, a complete gas chromatographic separation is the 
second precondition of measuring reliably isotope ratios (Meyer-Augenstein, 1999). Complete or 
partially superimposition of interfering compounds avoids correct measurements as this was the fact 
for some groundwater samples, for which interferences with co-eluting substances were evident. With 
respect to the isotope analysis of halogenated compounds a third aspect has to be considered. In a 
former study a significant higher data variation as expressed by the standard deviation of replicates 
has been pointed out for stable carbon isotope ratios of halogenated substances. This observation 
was related either (i) to the lower carbon fraction revealing a higher standard deviation as the result of 
lower absolute carbon amount or (ii) to an interaction between the oxidation catalyst and the halogen 
atoms leading to poisoning phenomena.  
 
As a consequence of the restrictions mentioned above the standard deviations measured for DDT 
metabolites (as given in Tab. 4.1) were generally high (up to 1.1 ‰ and 4.7 ‰) but fitted well with 
published data of reference material at similar low concentration ranges (Schwarzbauer et al., 2005). 
Further on, although quantitative data for surface water samples (around 1 µg/L) were partially 
obtained, stable carbon isotope ratios could not be determined due to gas chromatographic 
superimposition of other contaminants and the low concentration ranges. In the groundwater samples 
directly affected by industrial discharge the concentrations ranged between the limit of quantification 
(0.05 µg/L) and 88 µg/L. The carbon isotope ratios detected were constantly at -17.6 to -18.8 ‰. For 
three samples isotope data were not obtained due to the low concentrations or insufficient GC peak 
separation. 
 
In groundwater belonging to an infiltration area of the canal system and, concurrently, used as 
reservoir for a drinking water treatment plant, DDA concentrations of up to 2 ?g/L were detected. 
Noteworthy, these values exceed partially the limit of the German drinking water directive (maximum 
allowed concentration for a single pesticide: 0.1 ?g/L). Although the concentration are as high as those 
of the canal water samples, for these samples some stable carbon isotope ratios were determined due 
to a cleaner matrix. These ?13 C values varied between -21.1 and -23.5‰.  
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Table 4.1: Quantitative data and stable carbon isotope ratios of DDA in groundwater and 
surface water samples 
Groundwater from the industrial plume 
sample GW 1 GW 2 GW 3 GW 4 GW 5 GW 6 GW 7 GW 8 
? DDA [?g/L] n.d. 41 88 60 n.d. 57 28 10 
o,p’-DDA n.d. 0.8 11 n.d. n.d. 5 8 1 
p,p’-DDA n.d. 40 77 60 n.d. 52 20 9 
o,p’/p,p’-ratio  0.02 0.14   0.10 0.40 0.11 
?13 C [‰] 
SD [‰] 
n.d. 
 
-17.6 
± 0.1 
-18.2 
± 0.3 
-17.9 
± 0.9 
n.d. 
 
-17.8 
± 1.1 
n.d. 
 
-18.8 
± 0.9 
 
Groundwater from the infiltration area                   Surface water from the Teltow canal 
sample DW 1 DW 2 DW 3 DW 4 DW 5 SW 1 SW 2 SW 3 SW 4 
DDA [?g/L] 0.05 0.45 2 1.48 0.1 0.6 1 n.d. n.d. 
o,p’-DDA n.d. 0.07 0.43 0.23 n.d. 0.1 0.2   
p,p’-DDA 0.05 0.38 1.56 1.25 0.1 0.5 0.8   
o,p’/p,p’-ratio  0.18 0.27 0.18  0.2 0.25   
?13 C [‰] 
SD [‰] 
-21.1 
± 0.8 
-23.5 
± 0.1 
-22.4 
± 4.7 
-21.6 
± 0.8 
n.d. 
 
n.d.  
 
n.d. 
 
n.d. 
 
n.d. 
 
 
Noteworthy, these values are clearly more negative as compared to the data from the groundwater 
plume. Hence, a close correlation of both DDA contaminations on base of similar isotope values can 
be excluded. Further on, since the primary origin of the DDT contamination can be doubtless 
attributed to the industrial source, the more positive values in the groundwater plume samples 
represent an accumulation of the isotopic heavier substances and, therefore, point to a higher degree 
of biodegradation. Hence, the groundwater plume cannot be the original emission source for the 
groundwater DDA contamination at the sampling location in the infiltration area. Since this aquifer is 
also affected by canal surface water this infiltration has to be considered as alternative emission 
pathway for DDA pollution. 
Therefore, we studied in addition the isotopic properties of the riverine DDT derived pollution. As 
already mentioned, it was not possible to detect the DDA water contamination by isotopic data. 
However, DDT metabolites were detected in three corresponding sediments at high concentration 
and, partially, with sufficient gas chromatographic separation to apply compound specific isotope 
analysis (see Tab. 4.2). In order to interpret correctly these data, two aspects have to be considered. 
Metabolism of DDT under anaerobic conditions follows generally the degradation pathway as given in 
the introduction. Since DDA appears in one of the final stages of degradation, most of the known DDT 
metabolites can be characterized as precursor compounds of DDA.  
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Table 4.2: Quantitative data and stable carbon isotope ratios of DDT metabolites in sediment 
samples 
Sediment 
samples 
free extractable  released by 
hydrolysis 
  p,p’-DDD o,p’-DDD p,p’-DDMS o,p’-DDMS p,p’-DBP p,p’-DDA 
 
S 1 
?g/g 
?13C [‰] 
SD [‰] 
15.3 
-22.6 
± 0.9 
7.9 
-23.8 
± 1.0 
11 
-27.7 
± 0.9 
3.4 
-27.7 
± 0.9 
- 
- 
- 
- 
- 
- 
o,p’/p,p’-ratio 0.52 0.31   
 
S 2 
?g/g 
?13C [‰] 
SD [‰] 
12.5 
-23.3 
± 1.7 
4.6 
-22.4 
± 0.7 
5.6 
-26.7 
± 0.7 
1.0 
n.d.o. 
n.d.o. 
- 
- 
- 
- 
- 
- 
o,p’/p,p’-ratio 0.37 0.18   
 
S 3 
?g/g 
?13C [‰] 
SD [‰] 
32 
- 20.9 
± 1.7 
9.3 
-21.8 
± 1.4 
32 
-25.3 
± 1.3 
4.5 
-26.0 
± 1.0 
- 
- 
- 
- 
- 
- 
o,p’/p,p’-ratio 0.29 0.14   
 
S 4 
?g/g 
?13C [‰] 
SD [‰] 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
0.5 
-26.5 
± 1.3 
650 
-20.8 
± 1.5 
 
S 5 
 
?g/g 
?13C [‰] 
SD [‰] 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
110 
-20.0 
± 1.2 
 
Further on, in sedimentary systems the fraction of free available compounds obtained by standard 
extraction procedures is accompanied by bound residues, which can be deliberated only after 
substantial alteration of the macromolecular matter. Noteworthy, it has been reported that the major 
proportion of DDA is bound to the particulate matter releasable by chemical degradation techniques 
applied to the sedimentary organic matter comprising alkaline hydrolysis or ruthenium tetroxide 
oxidation (Schwarzbauer et al., 2003). Thus, both metabolism and formation of non-extractable 
residues have to be considered in monitoring the environmental fate of DDT contaminations. 
 
From the group of DDA precursors the compounds DDD and DDMS as major anaerobic DDT 
metabolites were determined in the extractable fraction with elevated concentrations up to 32 µg/g. 
The stable carbon isotope ratios differed significantly for both metabolites. Values for DDD ranged 
from -20.9 to -23.8‰ without any significant differences between the o,p'- and p,p'-isomers. Carbon 
isotope ratios of DDMS shifted to more negative values around 25.3‰ to 27.7‰ also without changes 
between substitution isomers. Interestingly, in one sample also the carbon isotope ratio of p,p'-DBP 
was determined with values similar to data of DDMS. DBP is not a DDA precursor but appears in the 
DDT degradation pathway as product of DDA transformation. In addition to the extract analysis also 
alkaline hydrolysis was applied to the extracted sediment samples to release bound DDA.  
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Fig. 4.1: Possible transport ways of pollutants at the sampling location 
 
For two samples this procedure released elevated concentration of DDA around 110 - 650 µg/g. The 
detected carbon isotope ratios were very similar with -20.8 and -20.0‰. It must be mentioned that the 
values measured for DDD and DDMS are obtained by the same samples from three different sampling 
stations in the extractable fraction of the investigated sediment (S1 to S3). DBP was also obtained 
from the extractable fraction at another sampling station (S4). The DDA values in the extractable 
fractions are very low or rather not detectable. Therefore, no DDA values can be presented for the 
extractable fraction but only for the bound fractions. At the sampling location S1 to S3, there was no 
DDA observable but at two further sampling locations (S4 and S5). Therefore, it is difficult to compare 
the obtained data directly due to possible varying degradation processes at different sampling 
locations. 
 
Comparison of all carbon isotope ratios revealed an interesting pattern as illustrated in Fig. 4.1. 
Following the isotope ratios of DDA most negative values were detected in the bound sedimentary 
fraction with values quite similar to those detected in the infiltrated groundwater. However, the isotope 
ratios in the groundwater plume heavily affected by industrial discharge are significant more 13C-
depleted and exclude a direct contamination of the aquifer at the sampling location at the infiltration 
area by the groundwater plume beneath the industrial site. Therefore, infiltration from canal water 
towards the groundwater seemed to be the major emission pathway for DDA contamination in the 
aquifer at the sampling location at the infiltration area. The marginal shift of around 1 to 2‰ between 
sedimentary bound DDA and groundwater DDA at sampling location B may point to an isotope 
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fractionation during the release from the bound fraction of the sedimentary matter. This hydrolysis 
process might occur under microbial assistance. 
 
The results obtained for the other sediment associated DDT metabolites reflect a more complex 
situation. Amount of metabolites are the results of generation and contemporary degradation 
processes. Less negative 13C/12C ratios point either to an advanced stage of degradation and changes 
of the pollutants can be investigated by quantitative data but also by the change of the enantiomeric 
ratio (Bordajandi et al., 2008; Kurt-Karakulus et al., 2005). In addition, the isomer ratio can be 
influenced by microbial degradation. 
4.4 Conclusion 
Chemical and stable carbon isotope analysis of DDT metabolites in groundwater as well as surface 
water and sediments of the Teltow Canal, all affected by a former industrial site, revealed a detailed 
insight into the fate of the DDT contamination and its relationship to water contamination by DDA. 
Further on, a DDA contamination of a second groundwater area located 10 km fare from the industrial 
site was investigated to identify the DDA emission pathway. Since amount of DDT metabolites did not 
allow to characterise the principal emission pathway of the DDT residues, stable carbon isotope 
analysis were applied to those substances and samples that matches the requirements of compound 
specific isotope analysis. 
Carbon isotope ratios of DDA in both groundwater systems excluded a direct contamination of the 
second groundwater area by industrial discharge and pointed to an infiltration from Teltow Canal 
surface water as an alternative emission pathway.  Unfortunately, restrictions of compound specific 
isotope analysis did not allow investigating directly the surface water contamination. However, the 
?13C-values of sedimentary bound DDA supported the assumption of surface water infiltration 
contaminated via remobilisation from polluted sedimentary matter as major DDA emission source.  
The stable carbon isotope analysis of sediment bound DDT metabolites did not clarify completely the 
generation pathway of water associated DDA. On the one hand, isotopic shifts of extractable 
metabolites (DDD, DDMS, DBP) followed the general degradation pathway, on the other hand carbon 
isotope ratios of bound DDA contradicted this regularity. This phenomenon remains unclear so far. 
Generally, this study followed the approach to investigate a complex contamination in different 
environmental compartments considering bound and extractable fractions and by applying chemical 
and isotope analysis to reveal a more detailed insight into the fate of extensive contaminations. In 
summary, a complex DDT contamination pathway via industrial effluents, subsequent 
geoaccumulation of non-polar DDT residues, microbial transformation to more polar metabolites, 
formation of non-extractable residues and, subsequently, the remobilisation of DDA to the water phase 
and infiltration of groundwater by surface water is evident. At last, to our knowledge this is the first 
report on stable carbon isotope values of DDT metabolites in the aquatic environment.  
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5  Structural diversity of organochlorine compounds in groundwater affected 
by an industrial point source 
Abstract. Groundwater samples contaminated by an industrial point source were analysed in order to 
reveal the structural diversity of halogenated organic contaminants. Particular focus was laid on the 
metabolites and derivatives related to the pesticides DDT (2,2-Bis(chlorophenyl)-1,1,1-trichlorethane) 
and lindane (?-hexachlorocyclohexane). Additionally, a wide range of chlorinated and brominated 
xenobiotics were identified. These results represent a high degree of contamination with 
organochlorine compounds illustrating a considerable structural diversity in groundwater in the vicinity 
of the industrial plant. The polar DDT-metabolite DDA (2,2-Bis(chlorophenyl)acetic acid), which has 
been neglected in water studies widely, represents the main DDT metabolite analysed in the water 
samples. Besides DDA, some unknown substances with structural relation to DDA and DDT were 
detected and identified. As an overall implication of this study it has to be demanded that analysis of 
industrially affected groundwaters have to be based on screening analysis for a comprehensive view 
on the state of pollution. 
5.1 Introduction 
Groundwater is one of the most important and valuable natural resources for drinking water and, 
consequently, the protection of these environmental systems has a high priority. Therefore, the impact 
of anthropogenic emissions of organic and inorganic pollutants to the underground is of particular 
importance. Depending on the environmental conditions as well as on the chemical properties of the 
contaminants various types of transport and degradation processes affect their fate. Environmental 
processes working on the compounds are degradation (mainly via microbiological activity), 
immobilisation (storage in temporal sinks) or long-distance transport. The pollutants discharged to the 
underground are released by different sources. Diffusive non-point sources are related e.g. to 
agriculture or atmospheric deposition, whereas point source emissions are frequently caused by 
leakages of municipal sewage systems or waste deposits (Meneses et al., 2004; Jager et al., 1993; 
Benestad et al., 1990;) or by industrial waste as the result of improper handling of chemicals and 
uncontrolled discharge (Heim et al., 2004; Grigoriadou et al., 2008; Botalova et al., 2009). 
 
Despite the fact that industrial emissions commonly exhibit a wide spectrum of individual compounds 
with a high structural diversity (in particular of organic substances), environmental investigations are 
often focussed on the main products or by-products, whereas production residues and metabolites are 
often neglected. Hence, many organic compounds discharged along with industrial waste water are 
not covered by monitoring programs. 
Nowadays, the uncontrolled release of industrial waste water to the underground is restricted, 
however in the past it was a common practice. It is assumed that contamination from dumps on 
5 Structural diversity of organochlorine compounds in groundwater affected by an industrial point source 
 
  
45 
industrial plant sites exhibit a higher environmental risk than contamination entering the pedosphere at 
the surface, due to high abundance of microorganisms in the upper layer. Hence, in the upper layer 
the potential for biodegradation is supposed to be commonly higher, whereas organic contaminants 
leaching into the subsoil are mostly non biodegraded (Colten, 1998). Due to the low degree of 
biodegradation in subsoil, major concern has to be related to environmental stable compounds emitted 
into the groundwater region. Since in particular halogenated aromatic organic compounds exhibit a 
high environmental stability, these compounds are reported frequently as relevant groundwater 
contaminants (e.g. Zolezzi et al., 2005; Kao et al., 2004; Shuckrow et al., 1982).  
 
Many well known halogenated organic pollutants are characterised as lipophilic compounds exhibiting 
high KOW values and, consequently, their appearance in groundwater is regulated or restricted by 
adsorption interactions with the particulate matter. Beside their lipophilic character, in case of microbial 
transformation the metabolites exhibit partially elevated water solubility as demonstrated for 
chloronaphthalenes, where the carboxylated metabolite (chloronaphthoic acid) was detected as main 
contaminant in an affected aquifer (Vinzelberg et al., 2005). Further on, more polar metabolites can 
cause a higher harmful potential as known for PCB's and their hydroxylated transformation products 
(Buckman et al., 2007; Houde et al., 2006). 
 
The aim of this study was to receive information on the structural diversity of organic pollutants in 
groundwater heavily affected by an industrial point-source. Since mainly chlorinated and brominated 
pesticides and chemicals were produced over several decades at this industrial site the study 
focussed on halogenated compounds. As overall intention the investigation demonstrates the 
usefulness of non-target screening analysis to receive a more comprehensive insight into multi-source 
contaminated environmental systems and to build up an appropriate base for monitoring and 
remediation purposes. 
5.2 Materials and methods 
5.2.1 Sampling location 
The study site related to a former industrial plant at the Teltow Canal in Berlin has been already 
objective of former investigations on surface water systems (Ricking et al., 2007; Kronimus et al., 
2006; Heim et al., 2005; Schulze et al., 2003). At the industrial site production of DDT and other 
pesticides like lindane has been terminated at the end of the 1980'ies during the period of the German 
Democratic Republic. From the affected area two series of groundwater samples were taken (see Tab. 
5.1).  
A first set consists of samples derived from remediation wells taken in 2005 and 2007 (samples 2005 
A to C, 2007 A to D), whereas samples 2007 E to I were obtained from nearby monitoring wells. The 
detailed production history at the site is not reconstructable.  
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Tab. 5.1: Groundwater samples and their bulk characterisation 
sample number source pH EH [mV] conductivity 
[mS/cm] 
2005-A remediation well 6 n.d. n.d. 
2005-B remediation well 7-8 n.d. n.d. 
2005-C remediation well 6 n.d. n.d. 
2007-A remediation well 6-7 -52 0.85 
2007-B remediation well 7 -210 1.49 
2007-C remediation well n.d. n.d. n.d. 
2007-D remediation well 7 -62 0.99 
2007-E monitoring well 6-7 -33 2.02 
2007-F monitoring well 7 -108 1.40 
2007-G monitoring well 6-7 -282 1.60 
2007-H monitoring well 7 -290 1.35 
2007-I monitoring well 6-7 -33 4.11 
n.d. = no data 
 
The samples were taken directly from groundwater wells, filled into pre-cleaned brown glass bottles 
and stored oxygen free at 4°C until further analysis. Bulk sample parameters taken directly onsite 
were as follows: pH-values between 6 and 8, Eh-values ranging from -33 to -230 mV and conductivity 
values between 0.85 and 4.11 mS/cm.  
5.2.2 Extraction procedure 
Aliquots of approx. 1 L of each sample were filtrated over 0.45 mm Whatman filters (Whatman GF/C; 
1.2 µm pore diameter) and extracted sequentially with pentane, dichloromethane and dichloromethane 
after acidifying to pH 2 according to the procedure described in detail by Schwarzbauer et al. (2000)., 
2004). Following, the individual extracts were dried over anhydrous Na2SO4 and 50 ?L of an internal 
standard containing d34-hexadecane (12 ng/µL) and decafluorobenzene (18 ng/µL) was added. 
Finally, each extract was concentrated to a final volume of approx. 50 ?L under a nitrogen stream. 
Acidic compounds in the third extract were methylated prior to gas chromatography analysis by using 
TMSH or diazomethane as derivatisation agents.  
All chemicals and solvents were purchased from Sigma Aldrich (Taufkirchen, Germany), Merck 
(Darmstadt, Germany) and Roth (Karlsruhe, Germany). The solvents were distilled over a 0.5 m 
packed glass column (reflux ratio approx. 1:25). The purity was checked by gas chromatographic 
analysis. All used glass materials were pre-cleaned by ultrasonic agitation in water containing 
detergent (Extran, Merck) and rinsed with high-purity acetone and hexane before use. 
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5.2.3 GC and GC-MS analysis 
Gas chromatographic analyses were performed using a Carlo Erba Mega Series GC 6000 fitted with a 
30 m x 0.25 mm x 0.25 µm FS-Supreme-5 fused-silica capillary column (CS Chromatography 
Services, FRG). Hydrogen carrier gas velocity (purity 99.999%) was 45 cm/s. The oven temperature 
was held at 60°C for 3 min, then programmed at 3°C/min to 310°C, which was held for 15 min. 
Injection of 1 ?L of the sample was performed in a hot split/splitless injector at 270°C with a splitless 
time of 60 sec. The FID detector temperature was set to 310°C.  
Gas chromatographic mass spectrometric measurements were carried out using a Carlo Erba Mega 
Series GC 5160 fitted with a 30 m x 0.25 mm x 0.25 ?m ZB-5 capillary column (Phenomenex, 
Aschaffenburg, Germany) linked to a Thermoquest Trace MS (quadrupol MS). Carrier gas was helium 
(purity 99.999%) set to a velocity of 36 cm/s. The GC oven temperature was held at 60°C for 3 min, 
then programmed at 3°C/min to 310°C and held for 15 min. The injection volume was 1 ?L using 
splitless injection at 270°C with a split less time of 60 sec. The mass spectrometer was operated in an 
EI+ full scan mode (70 eV) scanning from 35 to 740 m/z with a scan time of 0.5 s. Source temperature 
was set to 200°C and interface temperature to 250°C. 
Identification of compounds was based on comparison of gas chromatographic and mass spectral 
properties of detected substances with those of authentic reference material. Quantitative data were 
obtained by integration of specific ion chromatograms. External five point calibration was carried out 
for quantification. 
5.2.4 Synthesis of reference substances 
Structure elucidation of selected compounds requested the synthesis of commercially not available 
reference material. Details of the synthesis procedure are given in the appendix (see 8.7). Briefly, 2,2-
Bis(chlorophenyl)acetic acid methyl amide was synthesized via DDA-chloride obtained by reaction of 
DDA with thionylchloride. The intermediate product was converted to the corresponding N-methyl 
amide with an excess of methylamine. 2,2-Bis(chlorophenyl)acetic acid butylester was synthesized by 
a condensation reaction of DDA and n-butanole in the presence of hydrosulfuric acid. 2-Chloro-1-(4’–
chlorophenyl) ethanol was obtained by reduction of 2,-4’-dichloroacetophenone with NaBH4.  
5.2.5 Ecotoxicological characterisation 
Ecotoxicological properties of 2,2-Bis(chlorophenyl)acetic acid butylester and 2,2-
Bis(chlorophenyl)acetic acid methyl amide have been checked with Daphnia magna test (DIN 38412 
L30), Bacterial luminescence  test (DIN EN ISO 11348-3) and Fish egg test (DIN 38415 T6) using 
solutions of 1 mg/L and 0.1 mg/L in DMSO (0.5%). These analyses were performed by Dr. Fintelmann 
und Dr. Meyer GmbH, Hamburg. 
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5.3 Results and discussion 
Several harmful pesticides like DDT (2,2-Bis(chlorophenyl)-1,1,1-trichlorethane) and lindane (?-
hexachlorocyclohexane) are banned in Europe for decades but at different dates. For instance, in 
Western Germany (FRG), DDT has been banned from use and production for about more than 30 
years, whereas in the German Democratic Republic (GDR) produced and used DDT till the end of the 
1980’ies (Heinisch et al., 1993). These contaminated sites are still under remediation. In particular, 
industrial sites of former DDT- or HCH- production units of the GDR contaminated the surrounding 
environment comprising surface and groundwater, the atmosphere as well as soils (Ricking et al., 
2007; Wycisk et al., 2003). The monitoring programs on-site focused on the standard compounds 
without metabolites and production by-products.  
The non-target screening analyses performed in this study revealed a complex mixture of organic 
pollutants. Beside non-specific contaminants like the common plasticizer 2,2,4-trimethyl-1,3-
pentandioldi-iso-butyrat (TXIB) (Danish EPA, 2001) or the technical by-product diphenyl sulfone (Wick 
et al., 1998), the most significant contaminants were halogenated compounds comprising in particular 
DDT and its metabolites, lindane and related compounds as well as a wide range of further chlorinated 
and brominated compounds. Thus, the qualitative and quantitative results of the halogenated 
contaminants will be discussed in the following with a special focus on its structural diversity. 
5.3.1 Polar DDT- related compounds 
Since high polarity in molecules implies higher water solubility, especially the polar DDT metabolites 
were detected in the groundwater samples. DDA was detected in nearly all samples as the most polar 
and best water soluble DDT metabolite with very high concentrations of up to 190 ?g/L ? DDA (sum of 
o,p’- and p,p’-DDA, see Tab. 5.2 and Tab. 8.8 in the appendix). Comparing samples from 2005 and 
2007 (A to C) a higher variety in the absolute values (e.g. sample B: 180 µg/L in 2005 and 2 µg/L in 
2007) as well as in the relative distribution (e.g. the ratio A:B varied between 0.8 in 2005 and 72.5 in 
2007) were observed indicating fluctuations in the aquifer. Interestingly, in samples A and C from 2005 
and 2007 no significant increase of DDA concentrations was evident, although these samples are 
characterised by enhanced amounts of non polar DDT metabolites. Hence, DDA levels are influenced 
independently from non polar metabolites. Only occasionally further more polar metabolites, DBP and 
DDCN, have been detected at lower concentrations up to 40 µg/L. DDA has been widely neglected in 
environmental studies so far. Only selected investigations reported on DDA concentrations in ground 
or surface water. For instance, Heberer et al. studied the DDA contamination of surface water samples 
from the Teltow Canal and the Dahme River with maximum concentrations up to 760 ng/L. 
Noteworthy, these surface water systems were also influenced by the industrial point source 
investigated in this study. Wan et al. investigated DDT-related compounds in water and corresponding 
sediments in China. DDA accounted for 52-93% of the total DDT related contamination in water but 
was detected scarcely in the sediments (Wan et al., 2005). The effect of zero-valent iron on DDT 
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degradation in contaminated lake sediment revealed only low DDA concentrations with minor 
importance for the total balance of DDT degradation (Eggen et al., 2006).  
 
Noteworthy, during GC/MS analysis of DDA (as methyl ester) the generation of an artefact has been 
observed forming DDM probably via demethylation or decarboxylation. This phenomena has been 
detected independently from the derivatisation reagent and method used (TMSH, diazomethane). This 
artefact appeared partially in the same concentration range compared to DDA and has to be 
considered in quantitative analyse. Interestingly, Wan et al. observed the occurrence of DDM in water 
samples also contaminated by DDA, although DDM exhibit a high lipophilicity and is not described as 
water relevant pollutant. 
5.3.2 Non-polar DDT related compounds 
Several more lipophilic DDT-metabolites including DDT itself were detected rarely in the groundwater 
samples investigated (see Tab. 5.2, Fig. 5.1,5.2 and Tab. 10 in the appendix). The concentrations 
detected in samples A and C (2007) as well as in sample C (2005) reached values up to 20 mg/L for 
DDT and DDD as main constituents and ranged between the LOD and 140 ?g/L for DDE, DDCN and 
DDMU. The spectrum of metabolites was dominated by DDT. Due to the low polarity and the strong 
tendency to be absorbed onto particle surfaces the occurrence of non-polar DDT residues in the water 
phase was unexpected, in particulate at the enhanced concentrations observed. Further on, the 
maximum values exceed by far the water solubility of individual metabolites (e.g. DDT 0.04 mg/L and 
DDD 0.1 mg/L; Thompson et al., 2006). 
Consequently, an extended colloid or emulsion assisted solubilisation has to be assumed. This 
presumption was supported by observations on individual sample properties. Although all samples 
were filtrated, a slight emulsion of water and a lipophilic liquid was observed for the relevant samples, 
which resulted in a phase separation after a prolonged time of storage. Noteworthy, the pore size used 
for the filtration (1.2 µm) was chosen to allow also the passage of colloidal organic matter. Further on, 
the samples exhibited an intensive organic solvent-related smell.  
 
Thus, the samples A and C in 2007 (and partially in 2005) do not represent pure groundwater but 
exhibit significant contributions from a non-aqueous phase derived from an original contamination 
plume, illustrating the low degree of degradation. The differences of the concentration levels at 
different sampling periods are the results of aquifer dynamics during remediation.  
In comparison to former studies reporting on non polar DDT residues (e.g. 0.2 ?g/L to 97 µg/L for 
groundwater (Wycisk et al., 2003) or from 50 to 100 ng/L for surface waters (Eggen et al., 2006), the 
detected concentrations represent a unique contamination level observed in aquatic systems. 
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Tab. 5.2: Halogenated organic compounds detected and quantified in groundwater samples 
(for molecular structures see Fig.1) 
Compound sampling 2005 sampling 2007 
 A B C A B C D E F G H I 
DDT-metabolites              
DDT   130 20.000  17.000       
DDD   81 390  13.000       
DDE    160  100       
DDMU a)      180       
DDA (me) 150 180 8 150 2 6 190 16 140 78 98 99 
DBP 10 < 1 3          
DDCN      67       
DDA-related             
DDABE 2.900   1.200         
DDAMA  10.000 4.100          
DDT-related             
CPE 20 5   1   12   < 0.2 
MCPE 34 20 2  3 10  110 < 0.2   
DCPE 70  5 0.7 2 170  2 < 0.2  0.2 
HCH and related compounds            
HCHb) 1.400 0.1 4 75.000 0.8 2.600 65 4 0.1  6  
Tetrachlorocyclohexene  36   3.300   10      
Pentachlorocyclohexene 
(2 iso) 
  0.3 4.100 0.8  20 0.5     
Heptachlorocyclohexene     590         
Chlorinated benzenes             
Monochlorobenzene 640 180 130 29.000  5.900 67 75 53 2.000 650 33 
Dichlorobenzene (3 iso) 740 4 50 22.000 1 3.500 440 580 2  180 0.3 
Trichlorobenzene (2 iso) 480 < 0.1 < 0.1 16.000 0.1 26 50 4 < 0.1 21  
Tetrachlorobenzene < 0.1   2.400   3      
Chlorinated  benzoic acids            
Monochlorobenzoic acid 
(me) 
6.7 0.8 1.4     4 < 0.1 0.5 3.7 
Dichlorobenzoic acid (me)       < 0.1   < 0.1 
Chlorinated phenols             
Monochlorophenole 290 310  21 8  12  0.2 40 72  
Dichlorophenole 26  1 16 4    3    
Trichlorophenole    15   2      
Tetrachlorophenole    5   0.3      
 
All concentrations in [?g/L]; DDX: sum of 2,4’- and 4,4’-isomers 
Limit of quantification DDX: 1 ?g/L, DDA and related: 0.5 ?g/L, chlorophenylethanols 0.2 ?g/L; HCH and related 
compounds, chlorinated benzenes and phenols:  all 0.1 ?g/L. 
a) = only 4,4’-isomer  b) = sum of ?-, ?-, ?-, and ?-isomers  (x iso) = sum of x isomers 
(me) = detected as methyl ester 
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5.3.3 Structure elucidation of DDT-related compounds  
Beside DDA two further, so far unknown contaminants were detected in the polar extracts of the 
groundwater samples. These substances exhibit similar mass spectral properties as compared to DDA 
(e.g. base peak at 165 m/z, further dominant peaks with chlorine isotope pattern at m/z 199/201 and 
m/z 235/237, see Fig. 5.1). 
The mass spectra of the first substance was characterised by an additional peak at m/z 58 (60%) 
pointing to a methyl amide moiety and an odd-numbered molecular ion of m/z 293 (<10% intensity) 
indicating a nitrogen containing molecule. Combining the structural moieties known from 
corresponding DDA or DDT spectra with these additional structural information the unknown 
compound was assumed to be Bis(4-chlorophenyl)acetic acid N-methyl amide (DDAMA). Comparison 
of the gas chromatographic and mass spectral properties of synthesized reference material verified 
this assumption. DDAMA was detected in extracts obtained after acidification and further methylation. 
Hence, the appearance of the methylated and the non-substituted amide in the natural samples 
cannot be differentiated based on the analytical procedure used. To our knowledge, DDAMA as well 
as the non-methylated amide have not been described as environmental contaminant so far. Solely, 
some pharmaceutical studies describe DDAMA as intermediate (e.g. Kolbe et al., 1973). From a 
structural point of view Bis(4-chlorophenyl)acetamide has a high proximity to DDCN, its metabolic 
generation is to be elucidated. Hence, Bis(4-chlorophenyl)acetamide might be probably a precursor 
metabolite of DDCN and might act as intermediate of a transformation from DDA to DDCN. 
 
Since, DDAMA was detected at very high concentrations of about 16.000 ?g/L and 4.000 ?g/L a first 
ecotoxicological characterisation has been performed using Daphnia magna, bacterial 
bioluminescence bioassay and fish egg assay at two different concentration levels. All tests depicted 
no toxic effects. Additional environmentally relevant properties (bioconcentration factor: 180, KOC 
value: 1.430, see Tab. 5.3) are predicted as provided by the CAS database (Chemical abstract 
services). 
 
A further DDA related compound was identified and the structure elucidated for the first time as 
environmental contaminant. Beside DDT/DDA specific mass spectral fragments at m/z 235 (10%), m/z 
199 (20%) and m/z 165 (40%) with corresponding chloride isotope patterns a molecular ion at m/z 336 
was detected. The mass difference of m/z 101 between the Bis(4-chlorophenyl)methyl moiety and the 
molecular ion leads to a tentative structure of Bis(4-chlorophenyl)acetic acid n-butyl ester (DDABE). 
This assumption was verified by comparison of GC and MS properties with synthesized reference 
material. This compound was only detected at one location sampled in 2005 as well as in 2007 with 
concentrations of about 3.000 ?g/L and 1.000 ?g/L, respectively. Since there is no biobutylation in 
nature reported, DDABE seemed to be either a by-product of technical DDT preparation or a distinct 
synthesis product. Latter suggestion is supported by reports classifying this substance as a plant 
growth regulator (Haller et al., 1945; Willett et al., 1998). 
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Tab. 5.3: Predicted values of environmentally relevant properties for DDA, DDT and related 
compounds  
 CAS 
no.g 
BCF 
(all pH 
ranges; 
at 25°C) 
KOC 
(all pH 
ranges; 
at 25°C) 
Water 
solubility 
(in g/L) 
pKa 
(most 
acidic) 
DDA 83-05-6 1.380–1.090a 
370b 
49–1.0c 
6.160–4.840a 
1.650b 
217–1.1c 
0.011-0,39d 
2.8e 
20-59f 
3.6 
DDABE 42991-55-9 50,600 81,100 0.0004 - 
DDAMA 6316-74-1 180 1.430 0.016 15 
DDT 50-29-3 18.700 39.700 0.00004 - 
CPE 3391-10-4 18.7 283 13 14.22 
MCPE 6378-66-1 21.9 317 7.8 13.00 
DCPE 41521-04-4 47.5 
(47.1 pH=10) 
551 
(547 pH=10) 
3.8 12.07 
a: pH 1-3, b: pH 4, c: pH 5-10; d: pH 1-5, e: pH 6, f: pH 7-10;  
pKa values ?0.20; g: without stereochemical information; pKa = acidity constant 
CAS = chemical abstract service; BCF = bioconcentration factor;  
KOC = soil organic carbon – water partitioning coefficient 
 
Ecotoxicological tests with bacterial bioluminescence bioassay  demonstrated an inhibition of bacteria 
activity of 42.2% at 1 mg/L and of 15.8 % at 0.5 mg/L. Predicted partition coefficients (see Tab. 3) are 
provided by the CAS data base (Chemical abstract services). 
Further on, a series of three DDT-related contaminants was detected in the polar extracts of 
groundwater samples from 2005 and 2007. The mass spectral properties of these substances differed 
slightly as compared to the substances discussed above (see Fig. 5.2). Major peaks at m/z 77 and 
m/z 141, with the latter one exhibiting an isotope signal at m/z 143 accounting for a monochlorinated 
moiety, were accompanied by molecular ions with low intensities at m/z 156, 190 and 224, 
respectively. This molecular ion series with differences of m/z 34 and partially chlorine isotope pattern 
point to homologues of chlorinated aromatic compounds. The proposed molecular structures of 1-(4-
chlorophenyl) ethanol (CPE), 1-(4-chlorophenyl)-2-chloroethanol (MCPE) and 1-(4-chlorophenyl)-2,2-
dichloroethanol (DCPE) were verified either by a commercial available substance (CPE) or by 
synthesized reference material (MCPE, DCPE).  
Regarding the quantitative data elevated concentrations of up to 75 mg/L were detected for these 
substances in samples A and C, whereas in the other samples the concentrations ranged between the 
limit of quantification and 65 µg/L. A principal dominance of one of these homologues was not 
perceivable.  
The origin of these compounds in the groundwater samples remains unclear. For CPE and MCPE the 
application as synthetic intermediates or in theoretical analytical studies has been described (Tisse et 
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al., 2006; Traeff et al., 2008). A study dated back to the beginning of technical DDT production used 
DCPE as starting material for the synthesis of by products identified in technical DDT mixtures (Haller 
et al., 1945). This study identified also trace amounts of the missing homologue 1-(4-chlorophenyl)-
2,2,2-trichloroethanol as impurity of technical DDT formulations. DCPE has been used for DDD 
synthesis. This synthesis approach was abandoned due to low reaction yields around 30%. However, 
all these findings may point to a possible explanation for the occurrence of the homologues series in 
the groundwater samples investigated. Dechlorinated chloral by-products (acetaldehyde, 
chloroacetaldehyde and dichloroacetaldehyde) may react with chlorobenzene during the technical 
synthesis of DDT to form the detected compounds. After this first Friedel-Craft acylation step a second 
addition of chlorobenzene (as usual in DDT synthesis) might be hindered by a lower reactivity due to a 
lower degree of chlorination at ??position as described by Haller et al. Under these conditions, the 
occurrence of CPE, MCPE and DCPE can be related to technical side reactions during DDT 
synthesis. Environmentally relevant data comprising bioconcentration factor, water solubility and KOC 
values are given in Tab. 3 for all three homologues.  
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Fig. 5.1: Mass spectra of DDAMA (2,2-bis(4-chlorophenyl)acetic acid N-methyl amide) 
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Fig. 5.2: Mass spectra of DDAMA DDABE (2,2-bis(4-chlorophenyl)acetic acid n-butyl ester) 
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5.3.4 HCH and related compounds 
It is well known, that the pesticide ?-hexachlorocyclohexane (?-HCH, lindane) and its enantiomers 
occur in the environment associated with particulate matter as well as dissolved in the water body. 
Although the technical synthesis of HCH reveals a more or less uniform mixture of stereoisomers (60-
70% ?-HCH, 5-12 % ?-HCH, 10-12 % ?-HCH  and 6-10 % ?-HCH and 3-4% ?-HCH (Willett et al., 
1998), the composition of these individual isomers in natural samples varies due to the influence of 
biotic transformation and of partition processes (Ricking et al., 2007). E.g. ultraviolet light as well as 
bacteria transform ?-HCH into ?-HCH in surface water systems (WHO, 2004).  
Since the industrial production of lindane has been performed onsite till the late 1980´ies, elevated 
concentrations of HCH residues were detected in the groundwater samples investigated (see Tab. 
2a). Maximum concentrations ranged between 1400 to 75000 ?g/L (in sum of all isomers) in samples 
A and C, keeping in mind a non-aqueous phase in these samples. These more lipophilic conditions 
might cause the elevated accumulation of HCH in these samples. Lower concentrations up to 65 µg/L 
were detected in samples from the observation wells. These values correspond well with data 
published for other aquifers also contaminated by former industrial sites (e.g. Wycisk et al., 2003). 
Elevated ?-/?- and ?-/?-ratios between 0.1 and 3.7 point clearly to a contamination by technical HCH 
mixtures and, therefore, to industrial emissions. The isomer compositions varies highly within the 
sample set as illustrated in Fig. 4.  
 
Dominance of ?-, but also of ?- and ?-HCH was observed in the individual samples, indicating multiple 
sources and highly variable hydraulic conditions in the aquifer. Recently published isomer specific 
results of HCH detected in riverine sediment samples from the Teltow Canal support the observation 
of varying HCH compositions (Ricking et al., 2007). For the sedimentary matter ?-/?-, ?-/?- and ?-/?-
ratios were reported in a comparable range between 0.3 and 10.5. 
Accompanying the HCH-isomers microbial products of the anaerobic degradation pathway (Ricking et 
al., 2007) were detected contributing to the structural diversity of this industrial groundwater pollution 
(see Tab. 2a and Fig. 1). In particular, tetra- and pentachlorinated cyclohexenes appeared with 
maximum concentrations of 7400 µg/L (in sum) representing a contamination level of up to 40% of the 
HCH-related contaminants. Beside lower chlorinated HCH metabolites also heptachlorinated 
cyclohexenes were detected presumably as by-products of technical HCH synthesis. 
5.3.5 Further halogenated compounds  
The structural diversity of organic contaminants detected in the industrial affected groundwater 
samples was not restricted to the industrial main products HCH and DDT, their metabolites and 
related compounds. A significant contribution was also observed for halogenated aliphatic and 
aromatic hydrocarbons and functionalized derivatives, which appeared frequently in elevated 
concentrations or rarely in lower concentration ranges (see Fig. 5.3). 
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Fig. 5.4: HCH pattern of the industrially affected groundwater samples 
 
The chlorinated benzenes are known pollutants dominantly adsorbed to particulate matter at a higher 
degree of chlorination with corresponding low water solubilities. These compounds were detected in 
all groundwater samples investigated at different concentration levels (see Tab. 5.2). Highest amounts 
appeared in those samples (samples A and B) with contributions of non-aqueous liquids. In the other 
samples concentrations reached values of approx. 500 to 200 ng/L for individual congeners. In 
comparison elevated concentrations of chlorinated benzenes in the µg/L to mg/L range have been 
reported in groundwater samples affected by industrial point sources (Wycisk et al., 2003). Structural 
related chlorinated phenols with a higher hydrophilicity were determined at lower concentration levels 
in selected samples. This observation accounts also for chlorinated benzoic acids that appeared in 
selected samples at concentrations of up to 7 µg/L. Several studies have focussed of PCP derived 
groundwater contaminations accompanied by dehalogenated derivatives with minor concentrations for 
mono- and dichlorinated phenols (Kao et al., 2004; Langwaldt et al., 2005). The occurrence of 
chlorinated benzenes and phenols has been reported for groundwater contaminated by emissions 
from a herbicide plant (Jürgens et al., 1989). Further on, mono- to trichlorophenols are known as 
degradation products of HCH (Ricking et al., 2007, Jürgens et al., 1989). Hence, the pollution by 
chlorinated aromatic compounds might be the result of HCH or herbicides syntheses. On the other 
hand, chlorinated phenols and benzoic acids were determined in samples from monitoring and 
remediation wells at similar concentration levels pointing to a more diffuse emission profile without 
specific source relations. In addition to the described groups of chlorinated aromatic compounds 
further halogenated aromatics were detected infrequently at low concentrations. These compounds 
were not included in the quantitative determination but a semiquantitative estimation has been 
performed (see Tab. 2b). Some of these substances are commercial products like the pharmaceutical 
metabolite clorofibrinic acid (a blood lipid regulator) and the herbicides mecoprop and dichlorprop. 
Regarding their molecular structures further compounds comprising chlorodimethoxybenzene, 
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methylchlorophenylacetate, trichloroterphenyl and trichlorostyrene are potential synthetic by-products 
or intermediates. 
In addition to chlorinated compounds, brominated substances like bromobenzene, 1-
bromonaphthalene were detected in A-samples at high concentrations accompanied by lower 
concentrations in two further wells. This occurrence points to a local emission by a production site. 
The occurrence of tetrachlorothiophene in the groundwater samples remains unclear; it has been 
identified in riverine sediments affected by another industrial site of the GDR (Kronimus et al., 2007). 
Beside aromatic compounds also halogenated aliphatics representing an interesting group of 
substances were identified with respect to their molecular structures. They were detected infrequently 
in low amounts. A first group represents tetra- to hexachlorinated short-chain alkanes and alkenes 
with chain lengths of C2 to  C7 dominantly appearing in samples A and B. The chlorinated aliphatic 
hydrocarbons were accompanied by some brominated analogues comprising bromodichloropropane, 
dibromobutane, bromodiethoxyethane, 1,1-dibromo-2,2-diethoxyethane. On the contrary, the more 
polar ether, Bis(2-chloroisopropyl)ether, was detected exclusively in sample F. Only a very few 
substances (Bis(2-chloroisopropyl)ether, hexachloroethane, bromodiethoxyethane) of aliphatic 
character were reported as environmental pollutants in the aquatic environment (e.g. Dsikowitzky et 
al., 2004; Kuehl et al., 1983; Grote et al., 1999). 
5.4 Conclusion 
Groundwater contaminations by industrial point sources exhibit a high environmental importance. In 
comparison to other contamination sources (agriculture, sewage effluents etc.) industrial 
contaminations are characterised not only by high loads of pollutants but also by a complex 
composition and a high structural diversity in particular of organic contaminants. 
This was exemplified in the presented study by screening analyses on industrially affected 
groundwater samples from remediation- and monitoring wells located at a former chemical plant.  
Beside well known main pollutants, DDTs and HCHs, numerous still unnoticed metabolites and 
derivatives have been identified and quantified with concentrations partially exceeding those of the 
original pollutants. Noteworthy, several substances have been identified as environmental 
contaminants for the first time, including Bis(4-chlorophenyl)acetic acid N-methyl amide (DDAMA), 
Bis(4-chlorophenyl)acetic acid n-butyl ester (DDABE) and chlorinated 1-(4-chlorophenyl)ethanol 
(MCPE, DCPE). Beside HCH- and DDT-related pollutants a wide range of chlorinated and brominated 
aromatics and aliphatics with partially very high concentrations have been detected completing the 
structural diversity of halogenated contaminants at this industrial site.  
As an overall implication of this study it has to be demanded that analysis of industrially affected 
groundwaters have to be based on screening analysis for a comprehensive view on the state of 
pollution. Focussing on selected contaminants ignores not only the total contamination abundance but 
also the potential environmental risks. 
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Tab. 5.4: Halogenated organic compounds detected and semiquantified in groundwater 
samples (for molecular structures see Fig.1) 
Compound sampling 2005 sampling 2007 
 A B C A B C D E F G H I 
Halogenated aromatics             
Chlorofibrine acid (me)         +   + 
Mecoprop (me)         +    
Dichlorprop (me)         +   + 
Chlorodimethoxybenzene     +        
Methylchlorophenylacetate + + +     + +    
Trichloroterphenyl    +  +       
Dichloro(chloroethenyl)benzene +  +          
Tetrachlorothiopene    +         
Bromobenzene            + 
1-Bromonaphthalene ++   ++    +   +   
             
Halogenated aliphatics             
Hexachlorohexadiene   + +   +       
Tetrachlorobutadiene    +         
Tetrachloroheptene    +         
Hexachloroethane    +         
Bis(2-chloroisopropyl)ether         +    
Bromodichloropropane            + 
Dibromobutane +   +         
Bromodiethoxyethan x       +     + 
2,2-Dibromo-1,1-diethoxyethan x            
Semiquantitative data (with comparison to internal standard:+ low , x medium, xx high) 
me) = detected as methyl ester 
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Fig. 5.5: Molecular structures of selected contaminants identified in the groundwater samples 
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Table 5.5: Identified substances 
number abbreviation name isomers detected 
1. DDT-related compounds 
(1) DDT 2,2-Bis(4-chlorophenyl)-1,1,1-trichloroethane 2 
(2) DDD 2,2-Bis(4-chlorophenyl)-1,1-dichloroethane 2 
(3) DDE 2,2-Bis(4-chlorophenyl)-1,1-dichloroethene 2 
(4) DDMU 2,2-Bis-(4-chlorophenyl)-1-chloroethene 2 
(5) DDA(me) Bis(4-chlorophenyl)acetic acid 2 
(6) DBP Dichlorobenzophenone 2 
(7) DDCN Bis(4-chlorophenyl)-acetonitrile 2 
(8) DDM Bis(4-chlorophenyl)-methane 2 
    
Identified related structures 
(9) CPE 1-(4-Chlorophenyl)-ethanole  
(10) MCPE 2-Chloro-1-(4-chlorophenyl)-ethanole 2 
(11) DCPE 2,2-Dichloro-1-(4-chlorophenyl)-ethanole 2 
(12) DDANA 2,2-Bis(4-chlorophenyl)acetic acid methyl amide 2 
(13) DDABE 2,2-Bis(4-chlorophenyl)acetic acid butyl ester 2 
    
2. Lindane and related compounds 
(14) HCH Hexachorocyclohexane 4 
(15) TCCH ?-3,4,5,6-Tetrachlorocyclohexene 1 
(16) PCCH Pentachlorocyclohexene 2 
(17) HCCH Heptachlorocyclohexane  
 
3. Further halogenated compounds 
(18) - Mono-, Di-, Tri- and Tetrachlorobenzene several 
(19) - Mono-, Di-, Tri- and Tetrachlorophenols several 
(20) - Mono- and Dichlorobenzoic acid  
(21) - Monochlorfibrinic acid methylester 1 
(22) Mecoprop(me) 2-(4-Chloro-2-methylphenoxy)-propane acid methylester  
(23) Dichlorprop(me) 2-(4-Chloro-2-methylphenoxy)-propane acid methylester 2 
(24) - 2-Chloro-1,4-dimethoxybenzene 1 
(25) - 1-Chloro-1-phenyl acetic acid methylester  
(26) - Trichloroterphenyl 1 
(27) - Dichloro(monochloroethenyl)benzene 1 
(28) - Tetrachlorothiopen  
(29) - Bromobenzene  
(30) - 1-Bromonaphthalene 1 
(31) - 1,2-Dibromobutane 1 
(32) - 2-Bromo-1,1-diethoxyethan  
(33) - 2,2-Dibromo-1,1-diethoxyethan  
(me) = detected as methyl ester 
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6  Final summary and conclusions 
This study offers for the first time a calculation of a longstanding industrial pollution by DDT with 
regard to the contamination risk by the polar metabolite DDA. In literature, DDA has been widely 
neglected and most studies focus the main DDT metabolites DDD, DDE, sometimes additionally 
DDMS and DDMU. Especially the metabolites obtaining an increased structural water solubility 
represent a risk for the aquatic environment due to their bioaccumulation potential and the transfer into 
the groundwater.  
The results of this study and the actual situation at the investigation area at the Teltow canal are 
summarized by following scheme: 
 
monitoring wells:
HCH, DDT, -related; 
several halogenated 
compounds
deposition of
uncleaned waste 
waters
groundwater 
winning,
about 62 % by 
bank filtration
drinking water production plant
contaminated sediment:
non-bound and bound DDX-
residues
groundwater aquifer
surface water
fast release of DDA
under dynamic conditions
53 % precursor 
metabolites 
directly available
35 % DDA
bound by ester bond,
easily releasable
DDT production 
until 1989/90
unclean effluents
about 10 km distance
chemical plant
released DDA detected
in water gained by bank filtration
 
 
The different modes of incorporation of the DDT metabolites in the sediment were analysed. The 
majority of the unpolar compounds is extractable and, therefore, represent a direct contamination 
potential. The precursor metabolites can degrade to DDA and are implicated to the calculation of the 
DDA contamination potential. The mainly considered metabolite DDA is bound to the organic matter 
by ester bonds and can be easily released by hydrolysis reactions. The total amount of ? 63 kg DDA in 
the sediment mass calculated to refer to 541 t reveals still an actual contamination potential for the 
water which is destined for drinking water production. Therefore, the treatment of the contaminated 
sediment has to be clarified. 
Based on the results of the sedimentary contamination state two experimental approaches were 
conducted to regard the transport processes of DDA in the aquatic environment. For the first time the 
mobility of DDA between environmental compartments was analysed. Sedimentary DDA turns out to 
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be highly remobilisable into the water phase under dynamic conditions. Furthermore, the retardation of 
the soil in the infiltration area of the drinking water plant was studied. The investigation revealed a high  
permeability of DDA through the soil which means a direct contamination risk for the drinking water. 
These investigations of the transport processes of DDA should be extended for the prevention or 
removal of possible groundwater contamination.  
Additionally, several DDT metabolites were analysed by stable carbon isotope analysis for the first 
time. Due to the interferences of the chlorine isotopes the measurement are difficult to interpret and 
were performed frequently to minimise the standard deviations. Possible microbial degradation 
processes can be determined due to the changing isotopic signature to more negative values. In this 
regard, the results show no clear tendency for the analysed metabolites. Therefore, further 
investigations should be performed on additional samples. Indeed, the samples derived by sediment 
are difficult to analyse due to the complicated matrix. By comparison of the isotope signature of the 
sedimentary DDA, the sediment was identified to be the contamination source for the water-borne 
DDA in the infiltration area of the drinking water plant.  
Target-screening analyses were performed on industrially affected groundwater samples from 
remediation- and monitoring wells on the premises at the Teltow canal. A high structural diversity of 
organohalogenated compounds was obtained. Therefore, not only the main metabolites of xenobiotics 
but as well further metabolites can offer a hazard and may be included in the monitoring programs. 
Especially metabolites possessing polar structures can be transported into the aquatic environment 
and expose risk to biota. 
 
In literature, several sediment remediation possibilities are discussed. The removal of the 
contaminated sediment by dredging would lead to a fast release of the bound DDA into the water. The 
consequences would be DDA pollution of the riverine surface water of the Teltow canal which is 
destined for drinking water production. If this method is applied, an important consideration would be 
the continual detection of the DDA concentrations in water of the infiltration area for the observation of 
the time-dependent development of the DDA pollution and whether the DDA concentration is 
decreasing with time. Further approaches would be necessary with regard to the behaviour of DDA in 
the environment, e.g. extended experiments concerning the transport with different time periods. 
Further sediment treatment methods like activated carbon treatment, ultrasonic destruction of 
xenobiotics bound to sediment organic matter, the approach of magnetic adsorption with Fe3O4 
nanocrystals and finally the “non-treatment” by natural attenuation are reported in literature. If one of 
these possibilities or maybe the combination of some treatment methods would be successful has to 
be tested if applicable. The treatment of the investigated Teltow canal sediment has to be clarified in 
the near future due to the recommissioning of the nearby drinking water plant. At the actual state, the 
production of drinking water near the contamination area can not be recommended due to the 
expectable DDA formation from the investigated Teltow canal sediment. 
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8  Appendix 
Tab. 8.1: Parameter of the core samples  
 
area core depth [cm] 
top 
depth [cm] 
bottom 
TOC [%] density 
[g/cm³] 
A 10 - - sandy layer - 
 11 top 9 -19 8.81 0.56 
  bottom 19 - 29 0.02 0.81 
 12 top 16 – 32 9.34 0.69 
  bottom 32 – 47.5 5.96 0.73 
 13 top 10 – 22 7.09 0.70 
  bottom 22 - 34 1.14 1.03 
B 7 top 18 - 29 4.60 0.94 
 8 top 18 – 31.5 9.62 0.67 
  bottom 31.5 – 44.5  0.07 1.03 
 9 top 16 - 28 0.87 0.90 
  bottom 28 - 40 0.01 1.12 
C 4 top 12 – 27 9.46 0.67 
  bottom 44 – 59 11.16 0.66 
 5 top 11 – 26 9.11 0.60 
  bottom 43 – 58 cm 3.33 0.82 
 6 top 6 – 21 7.53 0.60 
  bottom 49.5 – 64.5 2.73 0.76 
D 3 top 26 – 44 3.82 0.82 
  bottom 44 – 62 1.82 0.92 
E 1 top 20 – 35 9.29 0.70 
  bottom 45 – 60 4.52 0.76 
 2 top 9 – 26 1.30 0.92 
  bottom 26 - 43 0.86 0.83 
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Tab. 8.2: DDT metabolites obtained by BBr3- treatment of the pre-hydrolysed sediment samples 
? of o,p’-/p,p’-Isomers, concentrations in mg/t 
 
area core layer DDD DDMS DDNU DDEt DDA DDM DBP 
 11 bottom n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
A 13 top n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 13 bottom n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 7 top n.d. n.d. n.d. < loq n.d. n.d. < loq 
B 9 top n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 9 bottom 76 37 n.d. n.d. n.d. n.d. n.d. 
C 5 top n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
3 top n.d. n.d. n.d. n.d. n.d. n.d. n.d.  
D 3 bottom n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 1 top n.d. n.d. n.d. n.d. 1.400 n.d. n.d. 
E 1 bottom n.d. n.d. 6/10 n.d. 120 34 74 
 
Tab. 8.3: DDT metabolites obtained by KMnO4 or RuO4-treatment  
? of o,p’-/p,p’-Isomers, concentrations in mg/t 
 
area core layer oxidation 
method 
DDD DDA DBP 
9 top KMnO4 n.d. n.d. n.d. 
9 bottom KMnO4 n.d. n.d. n.d. 
13 top KMnO4 n.d. n.d. n.d. 
 
A 
13 bottom KMnO4 n.d. n.d. n.d. 
B 7 top KMnO4 n.d. n.d. n.d. 
C 5 top KMnO4 n.d. 140 n.d. 
3 bottom KMnO4 n.d. n.d 3.900 
 
D 
3 bottom RuO4 n.d. n.d. n.d. 
 1 top KMnO4 11 n.d. n.d. 
E 1 top RuO4 n.d. n.d. n.d. 
 1 bottom KMnO4 n.d. n.d. n.d. 
 
Tab. 8.4: Best-case-scenario of the total contamination range for DDA formation 
 
fraction DDX [g] DDA [g] total [g] 
free available 2.400 n.d. 2.400 
easily available  0.400 1.100 1.500 
total 2.800 1.100 3.900 
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Tab. 8.5: Raw data of sequential sediment degradation 
 
8.5.1: Extracts (step 1), concentration [ng/g], incl. recovery 
metabolite isomer K 1/2 K 1/3 K 1/4 K 2/2 K 2/3 K 3/2 K 3/3 K 4/2 K 4/4 
  20-35  
cm 
35-45 
cm 
45-60 
cm 
9-26 
cm 
26-43 
cm 
26-44 
cm 
44-62 
cm 
12-27 
cm 
44-59 
cm 
DDT o,p’- n.d. 876 n.d. 13 n.d. 14 46 n.d. n.d. 
 p,p’- n.d. 14225 661 220 n.d. 128 545 n.d. n.d. 
 ? n.d. 15101 661 232 n.d. 142 592 n.d. n.d. 
DDD o,p’- 3043 357 8487 1731 3773 2464 4574 5901 25881 
 p,p’- 7829 777 20386 3857 8789 6033 12531 15339 85697 
 ? 10871 1134 28873 5589 12561 8497 17106 21240 111579 
DDE o,p’- 12 271 51 n.d. 28 17 57 16 18 
 p,p’- 1133 4315 257 n.d. 118 89 340 267 74 
 ? 1146 4585 309 n.d. 146 106 398 283 92 
DDMS o,p’- 1911 607 3796 579 620 719 996 1761 2104 
 p,p’- 5361 3343 15886 2213 4483 3257 5611 8287 16517 
 ? 7272 3950 19681 2791 5103 3976 6607 10049 18621 
DDMU o,p’- 367 n.d. 171 5 7 16 9 7 21 
 p,p’- 6203 24408 15248 387 361 440 1505 349 520 
 ? 6570 24408 15419 392 368 456 1515 356 541 
DDNU o,p’- 142 n.d. 56 40 30 25 34 n.d. 8 
 p,p’- 1009 3534 288 17 23 18 70 30 103 
 ? 1151 3534 344 57 53 43 104 30 110 
DDEt o,p’- 143 470 40 14 17 16 24 14 19 
 p,p’- 586 2233 246 61 79 70 129 64 87 
 ? 729 2703 286 76 96 86 153 79 106 
DDA o,p’- n.d. n.d. n.d. n.d. n.d. 325 131 n.d. n.d. 
 p,p’- 175 n.d. n.d. n.d. n.d. 1006 361 n.d. n.d. 
 ? 175 n.d. n.d. n.d. n.d. 1331 492 n.d. n.d. 
DDCN o,p’- 1531 19 404 102 3 112 n.d. n.d. n.d. 
 p,p’- 1781 149 451 54 30 103 n.d. n.d. n.d. 
 ? 3312 168 856 157 33 216 n.d. n.d. n.d. 
DDM o,p’- n.d. n.d. 43 7 n.d. 7 18 n.d. 4 
 p,p’- 203 526 72 16 n.d. 16 40 n.d. 18 
 ? 203 526 115 24 n.d. 24 57 n.d. 22 
DBP o,p’- 435 n.d. 181 n.d. n.d. 3 n.d. 262 n.d. 
 p,p’- 840 30 1074 n.d. n.d. 34 n.d. 1399 n.d. 
 ? 1275 30 1255 n.d. n.d. 36 n.d. 1661 n.d. 
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metabolite isomer K 5/2 K 5/3 K 5/4 K 6/2 K 6/3 K 6/4 K 7 K 8/2 
    11-26 
cm 
26-43 
cm 
43-58 
cm 
6-21 
cm 
21-49,5 
cm 
49,5-64,5 
cm 
18-29 
cm 
18-31,5 
cm 
DDT o,p’- n.d. 773 n.d. n.d. n.d. n.d. n.d. 38 
  p,p’- n.d. 5620 n.d. n.d. n.d. n.d. n.d. 218 
  ? n.d. 6393 n.d. n.d. n.d. n.d. n.d. 256 
DDD o,p’- 2257 7864 210 2446 2054 1519 9276 1289 
  p,p’- 6043 16029 533 4613 3044 2691 31921 3206 
  ? 8300 23893 743 7059 5099 4210 41197 4494 
DDE o,p’- 15 135 1 n.d. 12 28 20 3 
  p,p’- 74 1708 5 n.d. 34 144 152 10 
  ? 90 1843 6 n.d. 46 172 172 13 
DDMS o,p’- 1529 5260 1444 1931 851 783 4503 480 
  p,p’- 7014 16371 1349 4990 1283 1181 31791 2210 
  ? 8543 21631 2793 6921 2134 1964 36294 2690 
DDMU o,p’- 58 283 n.d. n.d. n.d. 23 3 21 
  p,p’- 715 4679 52 21 380 213 197 248 
  ? 773 4961 52 21 380 236 200 269 
DDNU o,p’- 29 110 n.d. 5 n.d. 17 8 n.d. 
  p,p’- 66 400 n.d. 32 n.d. 5 45 n.d. 
  ? 95 510 n.d. 38 n.d. 22 53 0 
DDEt o,p’- 13 179 n.d. n.d. n.d. 19 1 9 
  p,p’- 71 863 n.d. n.d. n.d. 37 149 74 
  ? 84 1041 n.d. n.d. n.d. 133 150 83 
DDA o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. 47 n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. 47 n.d. 
DDCN o,p’- 79 n.d. 0 587 n.d. 2 171 848 
  p,p’- 90 621 19 1747 n.d. 43 197 542 
  ? 169 621 19 2333 n.d. 46 368 1390 
DDM o,p’- n.d. n.d. n.d. n.d. n.d. n.d. 12 n.d. 
  p,p’- 19 174 n.d. n.d. n.d. n.d. 16 n.d. 
  ? 19 174 n.d. n.d. n.d. n.d. 28 n.d. 
DBP o,p’- 91 n.d. 91 448 n.d. n.d. 32 381 
  p,p’- 226 125 226 692 n.d. n.d. 34 366 
  ? 317 125 317 1140 n.d. n.d. 66 747 
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metabolite isomer K 8/3 K 9/2 K 9/3 K 11/2 K 11/3 K 12/2 K 12/3 K 13/2 K 13/3 
    31,5-44,5 
cm 
16-28 
cm 
28-40 
cm 
9-19 
cm 
19-29 
cm 
16-32 
cm 
32-47,5 
cm 
10-22 
cm 
22-34 
cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. 113 n.d. n.d. n.d. n.d. n.d. 558 n.d. 
  ? n.d. 113 n.d. n.d. n.d. n.d. n.d. 558 n.d. 
DDD o,p’- 189 3075 501 4423 1344 9376 36567 679 106 
  p,p’- 907 6059 1434 10040 3713 21754 146930 1383 221 
  ? 1096 9134 1936 14463 5057 31130 183497 2062 327 
DDE o,p’- n.d. 10 2 43 3 11 n.d. 33 n.d. 
  p,p’- n.d. 18 19 419 157 339 n.d. 52 n.d. 
  ? n.d. 28 21 462 160 350 n.d. 85 n.d. 
DDMS o,p’- 79 1365 137 2740 546 5403 5890 201 11 
  p,p’- 279 4368 561 7186 2223 14263 46196 437 49 
  ? 357 5732 699 9926 2769 19666 52086 638 60 
DDMU o,p’- 8 50 7 27 11 233 n.d. 19 n.d. 
  p,p’- 48 399 202 803 579 6844 645 1003 n.d. 
  ? 56 449 208 830 590 7077 645 1021 n.d. 
DDNU o,p’- n.d. 16 n.d. n.d. 3 39 n.d. 39 n.d. 
  p,p’- n.d. 90 4 57 34 662 n.d. 74 n.d. 
  ? n.d. 105 4 57 37 701 n.d. 113 n.d. 
DDEt o,p’- n.d. 7 1 29 n.d. 27 n.d. 31 n.d. 
  p,p’- n.d. 96 7 126 n.d. 323 n.d. 159 n.d. 
  ? n.d. 103 9 155 n.d. 350 n.d. 190 n.d. 
DDA o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDCN o,p’- n.d. 9 n.d. 6 n.d. 536 n.d. 121 2 
  p,p’- 10 33 2 86 149 1012 n.d. 122 3 
  ? 10 42 2 92 149 1548 n.d. 243 5 
DDM o,p’- n.d. n.d. n.d. n.d. n.d. 16 n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. 109 n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. 125 n.d. n.d. n.d. 
DBP o,p’- n.d. 14 n.d. n.d. n.d. 110 n.d. n.d. n.d. 
  p,p’- n.d. 127 n.d. 9 62 348 n.d. 18 n.d. 
  ? n.d. 142 n.d. 9 62 458 n.d. 18 n.d. 
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8.5.2: Acid Hydrolysis (step 2) – concentration [ng/g], without recovery 
metabolite isomer K 1/2 K 1/3 K 1/4 K 2/2 K 2/3 K 3/2 K 3/3 K 4/2 K 4/4 
    20-35 cm 35-45 cm 45-60 cm 9-26 cm 26-43 cm 26-44 cm 44-62 cm 12-27 cm 44-59 cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - 
DDD o,p’- 1013 1679 1500 46 451 211 300 - - 
  p,p’- 36122 5080 4380 177 1311 769 1079 - - 
  ? 37135 6759 5880 223 1762 980 1379 - - 
DDE o,p’- 981 10 6 n.d. 14 6 n.d. - - 
  p,p’- 230 84 61 9 93 52 2 - - 
  ? 1211 94 67 9 107 58 2 - - 
DDMS o,p’- 238 679 430 14 122 72 109 - - 
  p,p’- 1525 3100 1870 63 459 376 580 - - 
  ? 1763 3779 2300 77 581 448 689 - - 
DDMU o,p’- 5 14 19 n.d. n.d. n.d. n.d. - - 
  p,p’- 769 270 228 12 122 85 4 - - 
  ? 774 284 247 12 122 85 4 - - 
DDNU o,p’- 44 47 331 n.d. n.d. n.d. n.d. - - 
  p,p’- 87 389 167 n.d. n.d. n.d. n.d. - - 
  ? 131 436 498 n.d. n.d. n.d. n.d. - - 
DDEt o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - 
  p,p’- n.d. 69 146 n.d. n.d. n.d. n.d. - - 
  ? n.d. 69 146 n.d. n.d. n.d. n.d. - - 
DDA o,p’- 158 n.d. 85 n.d. n.d. 63 n.d. - - 
  p,p’- 1165 n.d. 434 n.d. n.d. 252 n.d. - - 
  ? 1323 n.d. 519 n.d. n.d. 315 n.d. - - 
DDCN o,p’- 399 n.d. 282 n.d. n.d. n.d. 41 - - 
  p,p’- 1659 65 959 9 19 68 177 - - 
  ? 2058 65 1241 9 19 68 218 - - 
DDM o,p’- n.d. n.d. 25 n.d. n.d. n.d. n.d. - - 
  p,p’- 23 33 84 n.d. n.d. n.d. n.d. - - 
  ? 23 33 109 n.d. n.d. n.d. n.d. - - 
DBP o,p’- 254 n.d. n.d. 12 n.d. 39 76 - - 
  p,p’- 1040 93 n.d. 33 n.d. 186 266 - - 
  ? 1294 93 n.d. 45 n.d. 225 342 - - 
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metabolite isomer K 5/2 K 5/3 K 5/4 K 6/2 K 6/3 K 6/4 K 7 K 8/2 
    11-26 
cm 
26-43 
cm 
43-58 
cm 
6-21 cm 21-49,5 
cm 
49,5-64,5 
cm 
18-29 
cm 
18-31,5 
cm 
DDT o,p’- n.d. n.d. n.d. n.d. - n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. - n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. - n.d. n.d. n.d. 
DDD o,p’- 381 147 106 793 - 239 154 215 
  p,p’- 1152 320 222 24757 - 7185 571 709 
  ? 1533 467 328 25550 - 7424 725 924 
DDE o,p’- n.d. 5 4 10 - n.d. n.d. 5 
  p,p’- 26 81 38 575 - 44 n.d. 62 
  ? 26 86 42 585 - 44 n.d. 67 
DDMS o,p’- 269 229 95 812 - 123 112 90 
  p,p’- 1363 385 307 10743 - 754 2139 460 
  ? 1632 614 402 11555 - 877 2251 550 
DDMU o,p’- 11 98 n.d. n.d. - n.d. n.d. 3 
  p,p’- 124 99 55 91 - 23 76 67 
  ? 135 197 55 91 - 23 76 70 
DDNU o,p’- 6 14 3 n.d. - n.d. 2 n.d. 
  p,p’- 18 69 6 n.d. - n.d. 4 n.d. 
  ? 24 83 9 n.d. - n.d. 6 n.d. 
DDEt o,p’- n.d. n.d. n.d. n.d. - n.d. 5 n.d. 
  p,p’- 16 n.d. n.d. 707 - 183 40 n.d. 
  ? 16 n.d. n.d. 707 - 183 45 n.d. 
DDA o,p’- 231 439356 342 14107 - n.d. 705 2564 
  p,p’- 1758 1994121 1459 3883619 - 981 3145 16394 
  ? 1989 2433477 1800 3897725 - 981 3850 18957 
DDCN o,p’- 245 40 22 n.d. - n.d. 5 30 
  p,p’- 957 84 42 727 - 18 158 109 
  ? 1202 124 64 727 - 18 163 139 
DDM o,p’- n.d. n.d. n.d. 42 - n.d. n.d. 3 
  p,p’- n.d. n.d. n.d. 315 - n.d. n.d. 12 
  ? n.d. n.d. n.d. 357 - n.d. n.d. 15 
DBP o,p’- 25 n.d. 3 n.d. - n.d. 8 65 
  p,p’- 18 n.d. 7 861 - 758 39 236 
  ? 43 n.d. 10 861 - 758 47 301 
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metabolite isomer K 8/3 K 9/2 K 9/3 K 11/2 K 11/3 K 12/2 K 12/3 K 13/2 K 13/3 
    31,5-44,5 
cm 
16-28 
cm 
28-40 
cm 
9-19 
cm 
19-29 
cm 
16-32 
cm 
32-47,5 
cm 
10-22 
cm 
22-34 
cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDD o,p’- n.d. 17 3 257 481 699 n.d. 913 2 
  p,p’- n.d. 33 9 970 1482 1763 n.d. 3190 6 
  ? n.d. 50 12 1227 1963 2462 n.d. 4103 8 
DDE o,p’- n.d. 1 n.d. 3 11 n.d. n.d. 30 n.d. 
  p,p’- n.d. 10 1 43 127 n.d. n.d. 236 n.d. 
  ? n.d. 11 1 46 138 n.d. n.d. 266 n.d. 
DDMS o,p’- n.d. 12 1 75 188 263 n.d. 462 2 
  p,p’- n.d. 37 36 395 764 1118 n.d. 1570 2 
  ? n.d. 49 37 470 952 1381 n.d. 2032 4 
DDMU o,p’- n.d. 2 n.d. n.d. 9 n.d. n.d. n.d. n.d. 
  p,p’- n.d. 22 2 75 232 595 n.d. 438 n.d. 
  ? n.d. 24 2 75 241 595 n.d. 438 n.d. 
DDNU o,p’- n.d. 13 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. 52 1 n.d. 48 119 n.d. n.d. n.d. 
  ? n.d. 65 1 n.d. 48 119 n.d. n.d. n.d. 
DDEt o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDA o,p’- 27553 7748 100 n.d. 13467 n.d. 4714 31 418 
  p,p’- 245307 33602 510 n.d. 62621 n.d. 42406 123 1717 
  ? 272860 41350 610 n.d. 76807 n.d. 47120 154 2135 
DDCN o,p’- n.d. n.d. n.d. 48 n.d. n.d. n.d. 55 n.d. 
  p,p’- n.d. n.d. 1 119 38 n.d. n.d. 112 2 
  ? n.d. n.d. 1 167 38 n.d. n.d. 167 2 
DDM o,p’- n.d. 12 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. 28 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. 40 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DBP o,p’- n.d. 7 4 n.d. n.d. n.d. n.d. 46 n.d. 
  p,p’- n.d. 42 5 60 n.d. 18 336 67 n.d. 
  ? n.d. 49 9 60 n.d. 18 336 113 n.d. 
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8.5.3: Alkaline Hydrolysis (step 3) – concentration [ng/g], without recovery 
metabolite isomer K 1/2 K 1/3 K 1/4 K 2/2 K 2/3 K 3/2 K 3/3 K 4/2 
    20-35 cm 35-45 cm 45-60 cm 9-26 cm 26-43 cm 26-44 cm 44-62 cm 12-27 cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDD o,p’- 7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- 104 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? 111 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDE o,p’- n.d. 3 n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- 61 22 8 n.d. n.d. n.d. n.d. n.d. 
  ? 61 25 8 n.d. n.d. n.d. n.d. n.d. 
DDMS o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDMU o,p’- 230 152 35 n.d. n.d. 5 n.d. n.d. 
  p,p’- 981 287 101 n.d. n.d. 77 n.d. n.d. 
  ? 1211 439 136 n.d. n.d. 82 n.d. n.d. 
DDNU o,p’- 385 123 26 11 9 71 n.d. n.d. 
  p,p’- 358 168 54 53 32 341 n.d. n.d. 
  ? 743 291 80 64 41 412 n.d. n.d. 
DDEt o,p’- n.d. 24 n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. 127 n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. 151 n.d. n.d. n.d. n.d. n.d. n.d. 
DDA o,p’- 1503 73335 3698 n.d. 2830 n.d. n.d. 18066 
  p,p’- 12665 887934 23503 n.d. 11523 n.d. n.d. 152622 
  ? 14168 961168 27202 n.d. 14354 n.d. n.d. 170688 
DDCN o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDM o,p’- 79 596 157 15 13 162 n.d. < loq 
  p,p’- 812 1785 628 32 23 458 n.d. < loq 
  ? 891 2381 785 47 36 620 n.d. < loq 
DBP o,p’- 46 315 52 2 n.d. n.d. n.d. n.d. 
  p,p’- 3947 2271 861 38 n.d. n.d. < loq n.d. 
  ? 3993 2586 913 40 n.d. n.d. < loq n.d. 
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metabolite isomer K 4/4 K 5/2 K 5/3 K 5/4 K 6/2 K 6/3 K 6/4 K 7 K 8/2 
    44-59 
cm 
11-26 
cm 
26-43 cm 43-58 
cm 
6-21 
cm 
21-49,5 
cm 
49,5-64,5 
cm 
18-29 
cm 
18-31,5 
cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDD o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDE o,p’- n.d. n.d. 996 n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. 6744 n.d. n.d. n.d. 364 n.d. n.d. 
  ? n.d. n.d. 7740 n.d. n.d. n.d. 364 n.d. n.d. 
DDMS o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDMU o,p’- n.d. n.d. 19300 n.d. n.d. n.d. 984 n.d. n.d. 
  p,p’- n.d. n.d. 14231 n.d. n.d. n.d. 1498 n.d. n.d. 
  ? n.d. n.d. 33531 n.d. n.d. n.d. 2482 n.d. n.d. 
DDNU o,p’- n.d. n.d. 7180 n.d. 416 241 1123 165 n.d. 
  p,p’- n.d. n.d. 27013 n.d. 2320 715 1450 338 52 
  ? n.d. n.d. 34193 n.d. 2736 956 2573 503 52 
DDEt o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDA o,p’- 2797 4011 4133459 1327 2263 17083 5294 707 n.d. 
  p,p’- 40564 30895 26536859 5508 36398 71194 4957033 2979 4250 
  ? 43361 34907 30670317 6834 38661 88277 4962327 3686 4250 
DDCN o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDM o,p’- < loq n.d. 4900 n.d. 267 341 493 207 8 
  p,p’- < loq n.d. 18548 n.d. 1621 6954 6145 617 28 
  ? < loq n.d. 23448 n.d. 1888 7295 6638 824 36 
DBP o,p’- < loq n.d. 153 19 n.d. 50 21 71 66 
  p,p’- < loq n.d. 4396 30 2466 750 614 877 566 
  ? < loq n.d. 4549 49 2466 800 635 948 632 
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metabolite isomer K 8/3 K 9/2 K 9/3 K 11/2 K 11/3 K 12/2 K 12/3 K 13/2 K 13/3 
    31,5-44,5 
cm 
16-28 
cm 
28-40 
cm 
9-19 
cm 
19-29 
cm 
16-32 
cm 
32-47,5 
cm 
10-22 
cm 
22-34 
cm 
DDT o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDD o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDE o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDMS o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDMU o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. 7 n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. 7 n.d. n.d. n.d. n.d. 
DDNU o,p’- n.d. n.d. 4 n.d. 8 n.d. n.d. n.d. n.d. 
  p,p’- n.d. < loq 11 n.d. 30 21 n.d. 42 n.d. 
  ? n.d. < loq 15 n.d. 38 21 n.d. 42 n.d. 
DDEt o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDA o,p’- 6627 n.d. n.d. n.d. n.d. n.d. n.d. 252 n.d. 
  p,p’- 110165 n.d. n.d. n.d. n.d. n.d. 11758 1367 41 
  ? 116793 n.d. n.d. n.d. n.d. n.d. 11758 1519 41 
DDCN o,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  p,p’- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
  ? n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
DDM o,p’- n.d. n.d. 3 n.d. 42 n.d. n.d. 71 n.d. 
  p,p’- n.d. n.d. 7 n.d. 91 n.d. n.d. 203 n.d. 
  ? n.d. n.d. 10 n.d. 133 n.d. n.d. 274 n.d. 
DBP o,p’- n.d. n.d. n.d. n.d. 8 n.d. n.d. n.d. n.d. 
  p,p’- n.d. < loq n.d. n.d. 62 n.d. n.d. 503 n.d. 
  ? n.d. < loq n.d. n.d. 70 n.d. n.d. 503 n.d. 
-  step was not proceeded 
n.d.  not detectable 
< loq  below limit of quantification 
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Tab. 8.5.4: BBr3 (Ether bond cleavage) 
O,p’-/p,p’-Isomers, concentration in ng/g, without recovery 
core layer depth area DDD DDMS DDNU DDEt DDA DDM DBP 
1 2 20-35 cm E n.d. n.d. n.d. n.d. 340/1085 n.d. n.d. 
 3 35-45 cm E n.d. n.d. 6/10 n.d. n.d. 9/25 11/63 
 4 45-60 cm E n.d. n.d. n.d. n.d. n.d./122 n.d. n.d. 
5 2 11-26 cm C n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
7 2 18-29 cm B n.d. n.d. n.d. < loq n.d. n.d. < loq 
9 2 16-28 cm B n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 3 28-40 cm B 27/49 10/27 n.d. n.d. n.d. n.d. n.d. 
11 3 19-29 cm A n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
13 2 10-22 cm A n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 3 22-34 cm A n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 
 
Tab. 8.5.5: Oxidation (KMnO4; RuO4 for comparison) 
O,p’-/p,p’-Isomers, concentration in ng/g, without recovery 
core layer method depth area DDD DDA DBP 
1 2 KMnO4 20-35 cm E 4/7 n.d. n.d. 
 2 RuO4 20-35 cm E n.d. n.d. n.d. 
 4 KMnO4 45-60 cm E n.d. n.d. n.d. 
3 3 KMnO4 44-62 cm C n.d. n.d./106 1451/2426 
 3 RuO4 44-62 cm B n.d. n.d. n.d. 
5 2 KMnO4 11-26 cm B n.d. < loq n.d. 
7 2 KMnO4 18-29 cm B n.d. n.d. n.d. 
9 2 KMnO4 16-28 cm A n.d. n.d. n.d. 
 3 KMnO4 28-40 cm A n.d. n.d. n.d. 
13 2 KMnO4 10-22 cm A n.d. n.d. n.d. 
 3 KMnO4 22-34 cm A n.d. n.d. n.d. 
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Tab. 8.6: Ratios of o,p’- and p,p’-DDT metabolites in ground- and surface water samples 
DDX sampling 2005 sampling 2007 
 A B C A B C D E F G H I 
p,p’-DDT   130 17.000  11.000       
o,p’-DDT   - 3.000  6.000       
? DDT   130 20.000  17.000       
o,p’-/p,p’-ratio   - 0.2  0.5       
p,p’-DDD   50 380  6.800       
o,p’-DDD   31 7  6.200       
? DDD   81 387  13.000       
o,p’-/p,p’-ratio   0.6 0.03  0.9       
p,p’-DDE    140  100       
o,p’-DDE    15  -       
? DDE    155  100       
o,p’-/p,p’-ratio    0.1  -       
p,p’-DDMU      110       
o,p’-DDMU      65       
? DDMU      175       
o,p’-/p,p’-ratio             
p,p’-DDA 120 140 6 140 2 4 160 14 130 78 96 68 
o,p’-DDA 30 39 2 5 - 2 31 2 23 - 2 31 
? DDAme) 150 179 8 145 2 6 191 16 143 78 98 99 
o,p’-/p,p’-ratio 0.3 0.3 0.3 0.03 - 0.5 0.2 0.1 0.2 - 0.02 0.5 
p,p’-DBP 9 - 3          
o,p’-DBP 1 < 1 -          
? DBP 10 < 1 3          
o,p’-/p,p’-ratio 0.1 - -          
p,p’-DDCN      43       
o,p’-DDCN      24       
? DDCN      67       
o,p’-/p,p’-ratio      0.6       
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8.7 Procedures for the synthesis of reference compounds  
 
A) Synthesis of 2,2-Bis(chlorophenyl)acetic acid methyl amide  
0.3 g DDA were added to 0.5 mL Thionylchloride and heated under reflux for 4 h. Then, excessive 
Thionylchloride was distilled off. The raw product (DDA chloride) was added carefully to 5 ml of an 
aequous N-methyl amine solution. The mixture was heated under reflux for 10 min and after filtration 
the solid residue was washed with water. Purification of the raw product was carried out by liquid 
chromatography on silica gel. 
IR: ? (cm-1): 3300, 3000, 2900, 1650, 1500, 1100, 1000, 800, 750, 500 
 
B) Synthesis of 2,2-Bis(chlorophenyl)acetic acid n-Butylester  
1.75 g DDA were added to 2.8 mL of water-free n-Butanol. Thereafter, 0.7 mL of conc. hydrosulfuric 
acid were added drop wise and the mixture was heated under reflux for 4 h. After cooling of the 
reaction mixture the solid residue was filtrated. Purification of the raw product was carried out by liquid 
chromatography on silica gel. 
IR: ? (cm-1): 3000, 2950, 1750, 1700, 1500, 1400, 1100, 1000, 800, 550 
 
C) Synthesis of 2-Chloro-1-(4’-chlorophenyl)ethanol  
1.8 g of 2,4’-Dichloroacetophenone were added in small portions to a solution of 0.6 g NaBH4 in 120 
mL Isopropanol under stirring. The solution reacted for approx 12 hours. Diluted hydrochlorinated acid 
was added until the H2-production had stopped. The organic layer was extracted 5 times with ether, 
and the combined organic layers were dried over anhydrous Na2SO4 and the solvent was evaporated. 
Purification of the raw product was carried out by liquid chromatography on silica gel. 
IR: ? (cm-1): 3400, 3000, 1750, 1500, 1100, 1000, 850, 500 
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